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1. Ladies and Gentlemen, first let me thank 

the great pleasure and privilege to form me 
to be here and I am delighted to address a 
lecture on my research and discuss the 
possible collaboration with you. I was a 
PhD student in Institute of Astronomy, 
Cambridge University working with 
George Efstathiou, and I just moved to 
UBC as a postdoc fellow from last Sep 
ago. 

 
2. I am not going to give a sermon, but I am 

going to start with a text, and my text is the 
famous closing word of Darwin’s Origin of 
Species. Whilst this planet is cycling on 
according to the fixed law of gravity, from 
so simply a beginning, forms the most 
wonderful, have been and are being 
evolved”. Darwin’s simply beginning, the 
young earth with its complex chemistry and 
geology, cycling on its orbit, itself is a very complicated system. Astronomers aim 
to probe back till further, to set our entire solar system in a boarder, expanse space 
and time.  

3. We made some progress. We can 
understand now, the Universe has been 
expanding from a hot and dense status 
in the very first beginning, and the 
genesis event, like background radiation 
forms nearly 14 billion light year ago; 
stars and galaxies are emerged. I am 
going to highlight today, some of the 
themes that seems to be interesting at 
present time, and will confront 
astronomers with challenges in the coming decades.  
We know from the simple 6-parameter cosmology model that the Universe 
evolves following a consentaneous timeline from the hot and dense status to 
the cool and clumpy status. The three important epochs of the cosmic 
evolution are the fast-expanding period called inflation, the formation of 
Microwave background, the first star formation divide the timeline equally 
on the logarithmic timescale. During this process, gravity enhances the 
density contrast and the structure condenses out. To test this concordance 
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Bregman 35

Figure 2: The evolution of the different baryonic components of the universe
from z = 3 to z = 0, from the model of Cen & Ostriker (2006), where galactic
superwinds (GSW) are included (the evolution of the WHIM component is also
shown without GSWs). This is typical of other simulations that show the present-
day WHIM component to be about 50% of all baryons.
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The thermal Sunyaev-Zeldovich effect 



Sunyaev-Zel’dovich Effect

SZ effect arises due to inverse Compton scattering of CMB 
photons by hot electrons along the line of sight.

ΔTSZ / T0 = y ·SSZ(x)  →  −2y  (x≪1)

SSZ(x) = x coth(x/2) − 4       (x = hν/kT)

y = ∫ dl (kB σT/me c2) neTe
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tract essentially all the information in the CMB temperature
anisotropies, and also the high accuracy the polarisation of the
CMB anisotropies, therefore provides a unique probe of the
fundamental parameters of the Universe, as well as revealing
important information on star and galaxy formation history
(Planck Collaboration 2005; Planck CollaborationVIII 2011).
Measuring the SZ effect was one of the important tasks for

Planck at its early design (Aghanim et al. 1997) and it was
motivated to provide the community with an all-sky SZ clus-
ter catalogue. It is aiming to measure the all-sky clusters out
to redshift z ∼ 1, including the rarest clusters (Planck Col-
laboration VIII 2011). Thanks to the Early Release Compact
Source Catalogue (ERCSC, Planck Collaboration VII 2011),
the high-reliability samples of 189 SZ clusters detected over
the whole sky from the first ten months of the Planck survey is
delivered alongside the ERCSC (see Planck ERCSC website).
Planck is scheduled to release a few thousand high-reliability
SZ clusters in a year’s time (Planck Collaboration XII 2011).
Beside the on-going Planck mission, WMAP mission,

launched by NASA on 30 June 2001, is another important
mission approaching the end of its survey. WMAP had pre-
cisely measured the cosmological parameters to unprecedent
precision, but its beam size, and noise level and frequency
coverage (from 23 to 94 GHz) limited itself to detect a large
number of SZ clusters independently, although a few clusters
have been precisely measured (Komatsu et al. 2011). There-
fore, it is interesting and important to check whether one can
find the SZ clusters released in the ESZ catalogue in the 7-yr
WMAP map, which constitutes a consistent test between two
on-going full-sky CMB observations. This is the aim of this
paper.
The pressure of the clusters determines its temperature pro-

file ∆T (θ), but what WMAP measured is the filtered version
of the cluster profile. In order to calculate the signal obtain-
able from the filtered WMAP map, we need to understand
first the pressure profile itself, and then calculate the ampli-
tude and shape of the filtered profile. In Section 2, we first
introduce the SZ effect, and then we discuss the Universal
profile which describes the pressure of the cluster. In Section
3, we will introduce the Planck early SZ cluster catalogue and
then the WMAP W-band data which will be used to search
for the clusters. In Section 4, we present the matched filtering
technique which is used to filter theWMAPW-bandmap, and
then discuss the individual filtered profile. We present our re-
sults of ComptonY -parameter comparison in Section 4.3. The
concluding remark is in the final section.
Throughout the paper, we adopt a flat fiducial ΛCDM cos-

mology with Hubble constant H0 = 70kms−1Mpc−1, matter
density parameter Ωm = 0.3. We express Hubble parameter
at redshift z as H(z) = H0E(z), where E2(z) = Ωm(1+ z)3+ ΩΛ.

2. CLUSTER INTRINSIC PROFILE
2.1. SZ effect

The SZ effect is arised due to the Compton scattering be-
tween the electrons in the hot ICM with the CMB photons
propagating from the last scattering surface. The hot elec-
trons therefore transfer its energy into CMB photons, shifting
some Rayleigh–Jeans tail of the CMB photons to the Wien
tail. This spectral distortion is, of course, frequency depen-
dent, and its induced temperature anisotropy is (Sunyaev &
Zeldovich 1972; Birkinshaw 1999; Carlstrom et al. 2002)

∆T
T

=
[
η
eη +1
eη −1

−4
]
y≡ gνy, (1)

where gν ≡ (η(eη +1)/(eη −1))−4 is the frequency dependent
factor and

η =
hν

kBTCMB
=
hν0
kBT0

= 1.76
( ν0
100GHz

)
. (2)

Dimensionless y-parameter is the so-called Compton y-
parameter which depends only on the cluster’s characteristics,
electronic temperature Te and density ne, as

y =
kBσT
mec2

∫ l

0
Te(l)ne(l)dl, (3)

where kB is the Boltzmann constant, σT the Thomson cross
section, mec2 the electron rest mass and l is the distance along
the line of sight. Since y-parameter is always positive, the
sign and value of the pre-factor gν in Eq. (1) determines the
increment or decrement of CMB photon temperature over a
wide range of frequencies.
The node point of the spectral distortion is at νcrit ≃

217GHz, i.e. ηcrit ≃ 3.82. If the frequency of photons is
smaller (bigger) than this node value, one should be able to
see a decrement (increment) of the observed CMB spectrum.
All of the WMAP frequency bands locate at the decrement
range of the spectral distortion and W-band frequency corre-
sponds to the biggest distortion.
The total SZ signal is characterized by the integrated Comp-

ton parameter denoted as Y =
∫
ydΩ, where Ω is solid an-

gle. It can be written as D2AY = (σT/mec2)
∫
PdV , where DA

is the angular-diameter distance to the system and P = nekTe
the electron pressure (Planck Collaboration VIII 2011). In
the following, the integral performed over the sphere of ra-
dius R500 (5R500) 3 is denoted Y500 (Y5R500).Thus, as defined
here, Y500 and Y5R500 have units of solid angle, i.e., arcmin2.

2.2. Universal profile
In the integrand of Compton Y -parameter, there is the pres-

sure of electron, which is related to the electron temperature
and density. Arnaud et al. (2010) investigated the regularity
of cluster pressure profiles with a sample of 33 local (z< 0.2)
clusters observed with XMM-Newton. These sample spans a
mass range of 1014M⊙ < M500 < 1015M⊙, where M500 is the
mass enclosed in a region with radius R500. By deriving an av-
erage profile from observations scaled by mass and redshift,
they found that the dispersion about the mean is remarkably
low, at less than 30 per cent beyond 0.2R500 (Arnaud et al.
2010).
Therefore the pressure profile found byArnaud et al. (2010)

is universal for all clusters, i.e. its shape does not depend on
the detail size of the cluster, and the size is just a scale of the
whole profile. The profile is (x = r/R500)

P(x) = 1.65×10−3E(z)
8
3

[
M500

3×1014M⊙h−1
70

] 2
3 +αp+α′

p

× p̃(x)h270
[
keVcm−3] , (4)

where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1− (αp +0.1) (x/0.5)3

1+ (x/0.5)3
. (5)

The p̃(x) is the generalized NFW model proposed by Nagai,
Kravtsov & Vikhlinin (2007) (see also Arnaud et al. (2010))

p̃(x) =
P0

(c500x)γ [1+ (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.2 Ma, Hinshaw, & Scott

tract essentially all the information in the CMB temperature
anisotropies, and also the high accuracy the polarisation of the
CMB anisotropies, therefore provides a unique probe of the
fundamental parameters of the Universe, as well as revealing
important information on star and galaxy formation history
(Planck Collaboration 2005; Planck CollaborationVIII 2011).
Measuring the SZ effect was one of the important tasks for

Planck at its early design (Aghanim et al. 1997) and it was
motivated to provide the community with an all-sky SZ clus-
ter catalogue. It is aiming to measure the all-sky clusters out
to redshift z ∼ 1, including the rarest clusters (Planck Col-
laboration VIII 2011). Thanks to the Early Release Compact
Source Catalogue (ERCSC, Planck Collaboration VII 2011),
the high-reliability samples of 189 SZ clusters detected over
the whole sky from the first ten months of the Planck survey is
delivered alongside the ERCSC (see Planck ERCSC website).
Planck is scheduled to release a few thousand high-reliability
SZ clusters in a year’s time (Planck Collaboration XII 2011).
Beside the on-going Planck mission, WMAP mission,

launched by NASA on 30 June 2001, is another important
mission approaching the end of its survey. WMAP had pre-
cisely measured the cosmological parameters to unprecedent
precision, but its beam size, and noise level and frequency
coverage (from 23 to 94 GHz) limited itself to detect a large
number of SZ clusters independently, although a few clusters
have been precisely measured (Komatsu et al. 2011). There-
fore, it is interesting and important to check whether one can
find the SZ clusters released in the ESZ catalogue in the 7-yr
WMAP map, which constitutes a consistent test between two
on-going full-sky CMB observations. This is the aim of this
paper.
The pressure of the clusters determines its temperature pro-

file ∆T (θ), but what WMAP measured is the filtered version
of the cluster profile. In order to calculate the signal obtain-
able from the filtered WMAP map, we need to understand
first the pressure profile itself, and then calculate the ampli-
tude and shape of the filtered profile. In Section 2, we first
introduce the SZ effect, and then we discuss the Universal
profile which describes the pressure of the cluster. In Section
3, we will introduce the Planck early SZ cluster catalogue and
then the WMAP W-band data which will be used to search
for the clusters. In Section 4, we present the matched filtering
technique which is used to filter theWMAPW-bandmap, and
then discuss the individual filtered profile. We present our re-
sults of ComptonY -parameter comparison in Section 4.3. The
concluding remark is in the final section.
Throughout the paper, we adopt a flat fiducial ΛCDM cos-

mology with Hubble constant H0 = 70kms−1Mpc−1, matter
density parameter Ωm = 0.3. We express Hubble parameter
at redshift z as H(z) = H0E(z), where E2(z) = Ωm(1+ z)3+ ΩΛ.

2. CLUSTER INTRINSIC PROFILE
2.1. SZ effect

The SZ effect is arised due to the Compton scattering be-
tween the electrons in the hot ICM with the CMB photons
propagating from the last scattering surface. The hot elec-
trons therefore transfer its energy into CMB photons, shifting
some Rayleigh–Jeans tail of the CMB photons to the Wien
tail. This spectral distortion is, of course, frequency depen-
dent, and its induced temperature anisotropy is (Sunyaev &
Zeldovich 1972; Birkinshaw 1999; Carlstrom et al. 2002)

∆T
T

=
[
η
eη +1
eη −1

−4
]
y≡ gνy, (1)

where gν ≡ (η(eη +1)/(eη −1))−4 is the frequency dependent
factor and

η =
hν

kBTCMB
=
hν0
kBT0

= 1.76
( ν0
100GHz

)
. (2)

Dimensionless y-parameter is the so-called Compton y-
parameter which depends only on the cluster’s characteristics,
electronic temperature Te and density ne, as

y =
kBσT
mec2

∫ l

0
Te(l)ne(l)dl, (3)

where kB is the Boltzmann constant, σT the Thomson cross
section, mec2 the electron rest mass and l is the distance along
the line of sight. Since y-parameter is always positive, the
sign and value of the pre-factor gν in Eq. (1) determines the
increment or decrement of CMB photon temperature over a
wide range of frequencies.
The node point of the spectral distortion is at νcrit ≃

217GHz, i.e. ηcrit ≃ 3.82. If the frequency of photons is
smaller (bigger) than this node value, one should be able to
see a decrement (increment) of the observed CMB spectrum.
All of the WMAP frequency bands locate at the decrement
range of the spectral distortion and W-band frequency corre-
sponds to the biggest distortion.
The total SZ signal is characterized by the integrated Comp-

ton parameter denoted as Y =
∫
ydΩ, where Ω is solid an-

gle. It can be written as D2AY = (σT/mec2)
∫
PdV , where DA

is the angular-diameter distance to the system and P = nekTe
the electron pressure (Planck Collaboration VIII 2011). In
the following, the integral performed over the sphere of ra-
dius R500 (5R500) 3 is denoted Y500 (Y5R500).Thus, as defined
here, Y500 and Y5R500 have units of solid angle, i.e., arcmin2.

2.2. Universal profile
In the integrand of Compton Y -parameter, there is the pres-

sure of electron, which is related to the electron temperature
and density. Arnaud et al. (2010) investigated the regularity
of cluster pressure profiles with a sample of 33 local (z< 0.2)
clusters observed with XMM-Newton. These sample spans a
mass range of 1014M⊙ < M500 < 1015M⊙, where M500 is the
mass enclosed in a region with radius R500. By deriving an av-
erage profile from observations scaled by mass and redshift,
they found that the dispersion about the mean is remarkably
low, at less than 30 per cent beyond 0.2R500 (Arnaud et al.
2010).
Therefore the pressure profile found byArnaud et al. (2010)

is universal for all clusters, i.e. its shape does not depend on
the detail size of the cluster, and the size is just a scale of the
whole profile. The profile is (x = r/R500)

P(x) = 1.65×10−3E(z)
8
3

[
M500

3×1014M⊙h−1
70

] 2
3 +αp+α′

p

× p̃(x)h270
[
keVcm−3] , (4)

where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1− (αp +0.1) (x/0.5)3

1+ (x/0.5)3
. (5)

The p̃(x) is the generalized NFW model proposed by Nagai,
Kravtsov & Vikhlinin (2007) (see also Arnaud et al. (2010))

p̃(x) =
P0

(c500x)γ [1+ (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.

2 Ma, Hinshaw, & Scott

tract essentially all the information in the CMB temperature
anisotropies, and also the high accuracy the polarisation of the
CMB anisotropies, therefore provides a unique probe of the
fundamental parameters of the Universe, as well as revealing
important information on star and galaxy formation history
(Planck Collaboration 2005; Planck CollaborationVIII 2011).
Measuring the SZ effect was one of the important tasks for

Planck at its early design (Aghanim et al. 1997) and it was
motivated to provide the community with an all-sky SZ clus-
ter catalogue. It is aiming to measure the all-sky clusters out
to redshift z ∼ 1, including the rarest clusters (Planck Col-
laboration VIII 2011). Thanks to the Early Release Compact
Source Catalogue (ERCSC, Planck Collaboration VII 2011),
the high-reliability samples of 189 SZ clusters detected over
the whole sky from the first ten months of the Planck survey is
delivered alongside the ERCSC (see Planck ERCSC website).
Planck is scheduled to release a few thousand high-reliability
SZ clusters in a year’s time (Planck Collaboration XII 2011).
Beside the on-going Planck mission, WMAP mission,

launched by NASA on 30 June 2001, is another important
mission approaching the end of its survey. WMAP had pre-
cisely measured the cosmological parameters to unprecedent
precision, but its beam size, and noise level and frequency
coverage (from 23 to 94 GHz) limited itself to detect a large
number of SZ clusters independently, although a few clusters
have been precisely measured (Komatsu et al. 2011). There-
fore, it is interesting and important to check whether one can
find the SZ clusters released in the ESZ catalogue in the 7-yr
WMAP map, which constitutes a consistent test between two
on-going full-sky CMB observations. This is the aim of this
paper.
The pressure of the clusters determines its temperature pro-

file ∆T (θ), but what WMAP measured is the filtered version
of the cluster profile. In order to calculate the signal obtain-
able from the filtered WMAP map, we need to understand
first the pressure profile itself, and then calculate the ampli-
tude and shape of the filtered profile. In Section 2, we first
introduce the SZ effect, and then we discuss the Universal
profile which describes the pressure of the cluster. In Section
3, we will introduce the Planck early SZ cluster catalogue and
then the WMAP W-band data which will be used to search
for the clusters. In Section 4, we present the matched filtering
technique which is used to filter theWMAPW-bandmap, and
then discuss the individual filtered profile. We present our re-
sults of ComptonY -parameter comparison in Section 4.3. The
concluding remark is in the final section.
Throughout the paper, we adopt a flat fiducial ΛCDM cos-

mology with Hubble constant H0 = 70kms−1Mpc−1, matter
density parameter Ωm = 0.3. We express Hubble parameter
at redshift z as H(z) = H0E(z), where E2(z) = Ωm(1+ z)3+ ΩΛ.

2. CLUSTER INTRINSIC PROFILE
2.1. SZ effect

The SZ effect is arised due to the Compton scattering be-
tween the electrons in the hot ICM with the CMB photons
propagating from the last scattering surface. The hot elec-
trons therefore transfer its energy into CMB photons, shifting
some Rayleigh–Jeans tail of the CMB photons to the Wien
tail. This spectral distortion is, of course, frequency depen-
dent, and its induced temperature anisotropy is (Sunyaev &
Zeldovich 1972; Birkinshaw 1999; Carlstrom et al. 2002)

∆T
T

=
[
η
eη +1
eη −1

−4
]
y≡ gνy, (1)

where gν ≡ (η(eη +1)/(eη −1))−4 is the frequency dependent
factor and

η =
hν

kBTCMB
=
hν0
kBT0

= 1.76
( ν0
100GHz

)
. (2)

Dimensionless y-parameter is the so-called Compton y-
parameter which depends only on the cluster’s characteristics,
electronic temperature Te and density ne, as

y =
kBσT
mec2

∫ l

0
Te(l)ne(l)dl, (3)

where kB is the Boltzmann constant, σT the Thomson cross
section, mec2 the electron rest mass and l is the distance along
the line of sight. Since y-parameter is always positive, the
sign and value of the pre-factor gν in Eq. (1) determines the
increment or decrement of CMB photon temperature over a
wide range of frequencies.
The node point of the spectral distortion is at νcrit ≃

217GHz, i.e. ηcrit ≃ 3.82. If the frequency of photons is
smaller (bigger) than this node value, one should be able to
see a decrement (increment) of the observed CMB spectrum.
All of the WMAP frequency bands locate at the decrement
range of the spectral distortion and W-band frequency corre-
sponds to the biggest distortion.
The total SZ signal is characterized by the integrated Comp-

ton parameter denoted as Y =
∫
ydΩ, where Ω is solid an-

gle. It can be written as D2AY = (σT/mec2)
∫
PdV , where DA

is the angular-diameter distance to the system and P = nekTe
the electron pressure (Planck Collaboration VIII 2011). In
the following, the integral performed over the sphere of ra-
dius R500 (5R500) 3 is denoted Y500 (Y5R500).Thus, as defined
here, Y500 and Y5R500 have units of solid angle, i.e., arcmin2.

2.2. Universal profile
In the integrand of Compton Y -parameter, there is the pres-

sure of electron, which is related to the electron temperature
and density. Arnaud et al. (2010) investigated the regularity
of cluster pressure profiles with a sample of 33 local (z< 0.2)
clusters observed with XMM-Newton. These sample spans a
mass range of 1014M⊙ < M500 < 1015M⊙, where M500 is the
mass enclosed in a region with radius R500. By deriving an av-
erage profile from observations scaled by mass and redshift,
they found that the dispersion about the mean is remarkably
low, at less than 30 per cent beyond 0.2R500 (Arnaud et al.
2010).
Therefore the pressure profile found byArnaud et al. (2010)

is universal for all clusters, i.e. its shape does not depend on
the detail size of the cluster, and the size is just a scale of the
whole profile. The profile is (x = r/R500)

P(x) = 1.65×10−3E(z)
8
3

[
M500

3×1014M⊙h−1
70

] 2
3 +αp+α′

p

× p̃(x)h270
[
keVcm−3] , (4)

where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1− (αp +0.1) (x/0.5)3

1+ (x/0.5)3
. (5)

The p̃(x) is the generalized NFW model proposed by Nagai,
Kravtsov & Vikhlinin (2007) (see also Arnaud et al. (2010))

p̃(x) =
P0

(c500x)γ [1+ (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.

2 Ma, Hinshaw, & Scott

tract essentially all the information in the CMB temperature
anisotropies, and also the high accuracy the polarisation of the
CMB anisotropies, therefore provides a unique probe of the
fundamental parameters of the Universe, as well as revealing
important information on star and galaxy formation history
(Planck Collaboration 2005; Planck CollaborationVIII 2011).
Measuring the SZ effect was one of the important tasks for

Planck at its early design (Aghanim et al. 1997) and it was
motivated to provide the community with an all-sky SZ clus-
ter catalogue. It is aiming to measure the all-sky clusters out
to redshift z ∼ 1, including the rarest clusters (Planck Col-
laboration VIII 2011). Thanks to the Early Release Compact
Source Catalogue (ERCSC, Planck Collaboration VII 2011),
the high-reliability samples of 189 SZ clusters detected over
the whole sky from the first ten months of the Planck survey is
delivered alongside the ERCSC (see Planck ERCSC website).
Planck is scheduled to release a few thousand high-reliability
SZ clusters in a year’s time (Planck Collaboration XII 2011).
Beside the on-going Planck mission, WMAP mission,

launched by NASA on 30 June 2001, is another important
mission approaching the end of its survey. WMAP had pre-
cisely measured the cosmological parameters to unprecedent
precision, but its beam size, and noise level and frequency
coverage (from 23 to 94 GHz) limited itself to detect a large
number of SZ clusters independently, although a few clusters
have been precisely measured (Komatsu et al. 2011). There-
fore, it is interesting and important to check whether one can
find the SZ clusters released in the ESZ catalogue in the 7-yr
WMAP map, which constitutes a consistent test between two
on-going full-sky CMB observations. This is the aim of this
paper.
The pressure of the clusters determines its temperature pro-

file ∆T (θ), but what WMAP measured is the filtered version
of the cluster profile. In order to calculate the signal obtain-
able from the filtered WMAP map, we need to understand
first the pressure profile itself, and then calculate the ampli-
tude and shape of the filtered profile. In Section 2, we first
introduce the SZ effect, and then we discuss the Universal
profile which describes the pressure of the cluster. In Section
3, we will introduce the Planck early SZ cluster catalogue and
then the WMAP W-band data which will be used to search
for the clusters. In Section 4, we present the matched filtering
technique which is used to filter theWMAPW-bandmap, and
then discuss the individual filtered profile. We present our re-
sults of ComptonY -parameter comparison in Section 4.3. The
concluding remark is in the final section.
Throughout the paper, we adopt a flat fiducial ΛCDM cos-

mology with Hubble constant H0 = 70kms−1Mpc−1, matter
density parameter Ωm = 0.3. We express Hubble parameter
at redshift z as H(z) = H0E(z), where E2(z) = Ωm(1+ z)3+ ΩΛ.

2. CLUSTER INTRINSIC PROFILE
2.1. SZ effect

The SZ effect is arised due to the Compton scattering be-
tween the electrons in the hot ICM with the CMB photons
propagating from the last scattering surface. The hot elec-
trons therefore transfer its energy into CMB photons, shifting
some Rayleigh–Jeans tail of the CMB photons to the Wien
tail. This spectral distortion is, of course, frequency depen-
dent, and its induced temperature anisotropy is (Sunyaev &
Zeldovich 1972; Birkinshaw 1999; Carlstrom et al. 2002)

∆T
T

=
[
η
eη +1
eη −1

−4
]
y≡ gνy, (1)

where gν ≡ (η(eη +1)/(eη −1))−4 is the frequency dependent
factor and

η =
hν

kBTCMB
=
hν0
kBT0

= 1.76
( ν0
100GHz

)
. (2)

Dimensionless y-parameter is the so-called Compton y-
parameter which depends only on the cluster’s characteristics,
electronic temperature Te and density ne, as

y =
kBσT
mec2

∫ l

0
Te(l)ne(l)dl, (3)

where kB is the Boltzmann constant, σT the Thomson cross
section, mec2 the electron rest mass and l is the distance along
the line of sight. Since y-parameter is always positive, the
sign and value of the pre-factor gν in Eq. (1) determines the
increment or decrement of CMB photon temperature over a
wide range of frequencies.
The node point of the spectral distortion is at νcrit ≃

217GHz, i.e. ηcrit ≃ 3.82. If the frequency of photons is
smaller (bigger) than this node value, one should be able to
see a decrement (increment) of the observed CMB spectrum.
All of the WMAP frequency bands locate at the decrement
range of the spectral distortion and W-band frequency corre-
sponds to the biggest distortion.
The total SZ signal is characterized by the integrated Comp-

ton parameter denoted as Y =
∫
ydΩ, where Ω is solid an-

gle. It can be written as D2AY = (σT/mec2)
∫
PdV , where DA

is the angular-diameter distance to the system and P = nekTe
the electron pressure (Planck Collaboration VIII 2011). In
the following, the integral performed over the sphere of ra-
dius R500 (5R500) 3 is denoted Y500 (Y5R500).Thus, as defined
here, Y500 and Y5R500 have units of solid angle, i.e., arcmin2.

2.2. Universal profile
In the integrand of Compton Y -parameter, there is the pres-

sure of electron, which is related to the electron temperature
and density. Arnaud et al. (2010) investigated the regularity
of cluster pressure profiles with a sample of 33 local (z< 0.2)
clusters observed with XMM-Newton. These sample spans a
mass range of 1014M⊙ < M500 < 1015M⊙, where M500 is the
mass enclosed in a region with radius R500. By deriving an av-
erage profile from observations scaled by mass and redshift,
they found that the dispersion about the mean is remarkably
low, at less than 30 per cent beyond 0.2R500 (Arnaud et al.
2010).
Therefore the pressure profile found byArnaud et al. (2010)

is universal for all clusters, i.e. its shape does not depend on
the detail size of the cluster, and the size is just a scale of the
whole profile. The profile is (x = r/R500)

P(x) = 1.65×10−3E(z)
8
3

[
M500

3×1014M⊙h−1
70

] 2
3 +αp+α′

p

× p̃(x)h270
[
keVcm−3] , (4)

where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1− (αp +0.1) (x/0.5)3

1+ (x/0.5)3
. (5)

The p̃(x) is the generalized NFW model proposed by Nagai,
Kravtsov & Vikhlinin (2007) (see also Arnaud et al. (2010))

p̃(x) =
P0

(c500x)γ [1+ (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.
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CFHTLens Mass Map (see Ludo’s Talk)

Projected mass map, $, from CFHTLens, triangles indicate troughs in galaxy density.
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CFHT mass map: 

154 deg^2 in 4 
patches 
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al., 2014, MNRAS 



Halo model: CFHTLens Planck/SZ Corr. - Halo Model

Ma et al. fits a halo 
model to the observed 
correlation function.  A 
" model fits well, but in 
this context the data 
requires a 2-halo term 
to fit the large angular 
scale separation.
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1012 M⊙–10
14 M⊙ 1014 M⊙–10

16 M⊙

(0.01–1) rvir 26% 28%
(1–100) rvir 14% 32%

TABLE II: Fractional contribution to the model cross-
correlation function arising from different mass and radial
profile cuts.

term traces the diffuse baryon component outside of one
virial radius. We can further separate the model con-
tributions into two mass bins, 1012–1014 and 1014–1016

M⊙, and two radial bins, r ≤ rvir and r ≥ rvir. The frac-
tional contributions to the integrated signal are given in
Table II. This shows that more than half of the inte-
grated signal originates from baryons outside the virial
radius of dark matter halos, and that the contribution
from low-mass halos is also significant. One can addi-
tionally calculate the fraction of baryons found inside the
virial radius f =

∫ rvir
0

ne(r)r2dr/
∫∞

0
ne(r)r2dr. Accord-

ing to the best fit β-model we find f = 35%, meaning
that 65% of the baryons are, on average, located beyond
the virial radius.
Our analysis of the cross-correlation signal can also

be used to predict the tSZ power spectrum Cyy
ℓ , which

can then be compared to the measurement made by the
Planck team [14]. Replacing κℓ by yℓ in Eqs. (2) and (5),
and using the β-model for the pressure profile, we show
our predicted Cyy

ℓ in Fig. 4b. The agreement with the
power spectrum derived directly from the Planck maps
is quite good, while the predictions based on the KS and
UP profiles are clearly too high. Note that our predic-
tion is only correct if the correlation coefficient r between
the 3-dimensional pressure and matter distributions is 1.
Hydrodynamical simulations in [24] find r∼ 0.5, but this
conclusion is still uncertain so our prediction should only
be regarded as a lower limit.
Discussion and Conclusions.—Our halo model for

the lensing–tSZ cross-correlation signal ξκy has enabled
us to investigate the baryon distribution at cluster

scales and to explore the possible identification of the
missing baryons in the warm-hot intergalactic medium
(WHIM). The observed cross-correlation function from
the CFHTLenS mass map and the Planck tSZ map is
particularly effective at tracing baryons in the outer re-
gions of halos.

In the context of the isothermal β profile, the 1- and
2-halo terms are detected at ∼ 4σ each, while the total
signal is detected at ∼ 6σ. We find evidence that baryons
are distributed beyond the virial radius, with a tempera-
ture in the range of (105–107)K, consistent with the hy-
pothesis that this signal arises from the missing baryons.
We further separate the model signal into different radial
profile and mass bins, and find that about half of the in-
tegrated signal arises from gas outside the virial radius of
the dark matter halos, and that 40% arises from low-mass
halos.

Our study is an example of a general class of large-
scale cross-correlations that are now becoming feasible,
thanks to the availability of deep multi-waveband surveys
over large fractions of the sky. Correlation of tSZ maps
with galaxies [25], with CMB lensing [26] and with X-rays
[27], plus the use of correlations with the kinetic SZ ef-
fect [28, 29], allow for a multi-faceted study of the role of
baryon physics in structure formation. Further improve-
ments in the quality of the data will require more so-
phisticated models than we have presented here, perhaps
involving direct comparison of diagnostics of the WHIM
with hydrodynamical simulations. Our results show that
most of the baryons are no longer missing, and indicate
that a full accounting of the cosmic baryon distribution
may soon be within reach.

Acknowledgements.—We would like to thank
J. Colin Hill, Houjun Mo, Pengjie Zhang, and
Eiichiro Komatsu for helpful discussions. This
paper made use of the Planck Legacy Archive
(http://archives.esac.esa.int/pla) and the
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TABLE II. Fractional signal and baryon contributions by mass and radius for the AGN feedback model with Planck cosmological
parameters. The mass bins are: low (1012M� . Mhalo . 1014M�), high (1014M� . Mhalo . 1016M�), and the radius bins are:
inner (0 . r . R200), and outer (R200 . r . 5R200) radii. The halo model analysis of [8] is included for comparison, which
assumes an isothermal � model.

Simulation Halo model

Bin Signal Baryon Signal

Low mass, inner radii 7% 6% 26%

Low mass, outer radii 12% 24% 14%

High mass, inner radii 56% 4% 28%

High mass, outer radii 25% 7% 32%
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FIG. 3. Predicted y- cross-correlation functions (left) and angular power spectra (right) from simulations with a range of
feedback models. Small angular scales are emphasized here, in contrast to Figure 1. Predictions from two sets of cosmological
parameters are shown, but only two feedback models are shown for the Planck parameters since the trends are the same in both
cosmologies. The error bars represent sample variance in the simulations. Baryon feedback is important on small scales and it
dominates the uncertainty in the predicted cross-correlation. Cosmological parameters also have a major impact; for example,
the AGN 8.0 model with Planck parameters is roughly equivalent to the NOCOOL model with WMAP-7 parameters.

plitude. Higher resolution tSZ maps from ACT, SPT
and others will enable us to distinguish feedback models
and constrain baryonic processes inside and around halos.
Second, the relatively small ariel coverage of CFHTLenS
restricts our ability to distinguish between WMAP-7 and
Planck cosmological parameters. The errors on ⇠y will
shrink significantly with several upcoming weak lensing
surveys such as RCSLenS, KiDS and DES, which cover
⇠50 times more sky area than CFHTLenS. This will
help distinguish cosmological models on large scales and
baryon feedback models on small scales. Further, bet-
ter CMB data from the next release of Planck can help
characterize systematic uncertainties in the tSZ maps.

An interesting direction for future work would be to
examine feedback processes in di↵erent galaxies. For ex-
ample, measuring y- correlations in classes of objects,
rather than cross-correlating maps, could provide use-
ful information about gastrophysics e.g. in clusters and

groups of galaxies as a function of mass and redshift.
This is currently work in progress.
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C
yy
` power spectrum. Here we apply the same method-

ology to decompose the tSZ cross-correlation with weak
lensing.

Fig. 2 shows the relative contributions to ⇠y using
di↵erent halo mass cuts (top panel), di↵erent radius
cuts (middle panel), and selected combined cuts (bot-
tom panel). For simplicity, we only present cut results
for the fiducial AGN baryonic feedback model (Planck
cosmology), but the other feedback models show the
same trends. Note that two additional cuts are implicitly
present due to technical limitations with the simulations:
1) halos with masses lower than 1012 M� are not resolved
and therefore not present, and 2) there is a systematic
upper bound of 5R200 on the radius cuts. We show be-
low that these limitations are inconsequential, as nearly
all of the cross-correlation signal can be accounted for by
summing the contributions from gas that survives these
cuts.

The top panel of Fig. 2 shows that ⇠y is dominated by
halos with M200 & 1014 M�, and that roughly half of the
signal originates in halos with M200 & 5 ⇥ 1014 M�. It
is interesting to note that halos with less than 1014 M�
still contribute ⇠20% of the signal. This supports previ-
ous findings in [11] that low-mass halos produce a non-
negligible fraction of the cross-correlation signal. How-
ever, as discussed below, comparisons to the halo model
are limited by the simplifying assumptions used in that
model.

The remaining two panels of Fig. 2 show the e↵ects of
radius cuts and of combined mass and radius cuts. The
middle panel demonstrates that most of the tSZ-lensing
signal is from the hot gas within the virial radius of clus-
ters and that contribution from the relatively cold gas far
away from halo centers is (r & 5R200) is negligible. In the
bottom panel, contributions are divided into four bins by
mass and central radius: low mass (1012M�  Mhalo 
1014M�), high mass (1014M�  Mhalo  1016M�), in-
ner (0  r  R200) and outer (R200  r  5R200). As
expected, the high mass, inner bin produces the biggest
fraction of the signal, but still only ⇠ 50% of the total. It
is clear that gas in the other regimes produces a consider-
able fraction of the signal in this fiducial AGN feedback
model.

Similar trends hold for the other feedback models, as
the e↵ects of feedback are generally small on the large
scales probed here. (We discuss trends on smaller scales
in the next section.) The minor di↵erences that are
present are due to mechanisms that change the density
and temperature of the gas near the center of clusters.
For the NOCOOL model, there is more high tempera-
ture gas which results in a higher signal. In the REF

model, feedback is ine�cient so a large fraction of halo
baryons are able to cool and form stars. This reduces
the gas fraction [16] which lowers the tSZ amplitude. An
even lower signal is obtained when AGN feedback is in-
troduced, with the suppression becoming greater as the
AGN heating temperature is increased. In this case, the
reduction is not due to star formation, but rather ejec-

tion of gas from dark matter halos, but again, this is
most pronounced on scales of a few arcmin, as discussed
below.
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FIG. 2. Variations in the cross-correlation function, ⇠y, as
a function of halo mass cut (top), central radial cut (mid-
dle), and both (bottom). All panels assume the fiducial AGN

feedback model and Planck cosmological parameters. The 1-�
confidence interval on the data [7] is shown for a comparison.
Similar trends exist for the other feedback models (see text).
The majority of the signal is from massive halos, but low-mass
halos still contribute ⇠20%. In contrast, most of the signal is
from the hot gas within the virial radius of clusters, while rel-
atively cold gas far from halo centers (r & 5R200) contributes
negligibly.

A particular question of interest is whether or not
the ⇠y signal provides a useful probe of the “missing
baryons.” To this end, it is important to note that the
fractional contribution to the total ⇠y signal in a given

Simulation vs data 



Kinetic SZ studies 

Planck intermediate results XXXVII, 2016, A&A 
C.Hernandez-Monteagudo, YZM, F-S Kitaura, W.Wang et al., 2015, Phys. 
Rev. Lett. 

Planck Collaboration: Velocity dispersion from the kSZ effect

Table 1. A list of the recent measurements of the kinetic Sunyaev-Zeldovich effect with cross-correlations of various
tracers of large-scale structure. “Spec-z” and “photo-z” mean galaxy surveys with spectroscopic or photometric redshift
data, respectively. “DES” stands for Dark Energy Survey.

Method Reference kSZ data Tracer type Tracer data Significance

Pairwise Hand et al. (2012)a ACT Galaxies (spec-z) BOSS III/DR9 2.9 σ
temperature Planck Collaboration Int. XXXVII (2016) Planck Galaxies (spec-z) SDSS/DR7 1.8–2.5 σ
difference Hernández-Monteagudo et al. (2015) WMAP Galaxies (spec-z) SDSS/DR7 3.3 σ

Soergel et al. (2016) SPT Clusters (photo-z) 1-yr DES 4.2 σ
De Bernardis et al. (2017) ACT Galaxies (spec-z) BOSS/DR11 3.6–4.1 σ
Sugiyama et al. (2017)b Planck Galaxies (spec-z) BOSS/DR12 2.45 σ
Li et al. (2018)b Planck Galaxies (spec-z) BOSS/DR12 1.65 σ

kSZ × vpec Planck Collaboration Int. XXXVII (2016)c Planck Galaxy velocities SDSS/DR7 3.0–3.7 σ
Schaan et al. (2016)c ACT Galaxy velocities BOSS/DR10 2.9 σ, 3.3 σ

kSZ2 × projected Hill et al. (2016), Planck, Projected WISE 3.8–4.5 σ
density field Ferraro et al. (2016)d WMAP overdensities catalogue

kSZ dispersion This work Planck Clusters MCXC 2.8 σ

a A p-value of 0.002 is quoted in the original paper, which we convert to signal-to-noise ratio by using Eq. (C.3).
b The differences between Sugiyama et al. (2017) and Li et al. (2018) are that the former used a Fourier-space analysis and a

density-weighted pairwise estimator, while the latter used a real-space analysis and a uniform-weighting pairwise momentum
estimator.

c Galaxy peculiar velocities form SDSS/DR7 in Planck Collaboration Int. XXXVII (2016) and BOSS/DR10 in Schaan et al. (2016)
are obtained by reconstructing the linear peculiar velocity field from the density field.

d Here “kSZ2” means the squared kSZ field.

der to simultaneously yield unit response to the CMB emis-
sion law a (Eq. (4)) and zero response to the tSZ emission
law b (Eq. (5)). The residual contamination from Galactic
foregrounds and instrumental noise is controlled through
the condition (Eq. (3)). The exact expression for the 2D-ILC
weights was derived in Remazeilles et al. (2011a) by solving
the minimization problem (Eqs. (3), (4), and (5)):

ŝCMB(r̂) =

(
bTC−1

x
b
)

aTCx

−1 −
(
aTC−1

x
b
)

bTCx

−1

(
aTC−1

x a
) (

bTC−1
x b

)
−
(
aTC−1

x b
)2 x(r̂),

(6)

where Cij
x

= ⟨ xi xj ⟩ are the coefficients of the frequency-
frequency covariance matrix of the Planck channel maps;
in practice we compute this locally in each pixel p as

Cij
x

(p) =
∑

p′∈D(p)

xi(p
′)xj(p′). (7)

Here the pixel domain D(p) (referred to as “super pixels”)
around the pixel p is determined by using the following
procedure: the product of frequency maps xi and xj is con-
volved with a Gaussian kernel in pixel space in order to
avoid sharp edges at the boundaries of super pixels that
would create spurious power (Basak & Delabrouille 2012,
2013).

Before applying the 2D-ILC filter (Eq. (6)) to the Planck
2015 data, we first pre-process the data by performing
point-source “in-painting” and wavelet decomposition, in
order to optimize the foreground cleaning. In each Planck
channel map we mask the point-sources detected at S/N >
5 in the Second Planck Catalogue of Compact Sources
PCCS2 (Planck Collaboration XXVI 2016). The masked

pixels are then filled in by interpolation with neighbour-
ing pixels through a minimum curvature spline surface in-
painting technique, as implemented in Remazeilles et al.
(2015). This pre-processing of the point-source regions will
guarantee reduction of the contamination from compact
foregrounds in the kSZ measurement.

The in-painted Planck maps are then decomposed into
a particular family of spherical wavelets called “needlets”
(see, e.g., Narcowich et al. 2006; Guilloux et al. 2009).
The needlet transform of the Planck maps is performed
as follows. The spherical harmonic coefficients ai, ℓm of the
Planck channel maps xi are bandpass filtered in multi-
pole space in order to isolate the different ranges of an-
gular scales in the data. The 2D-ILC weights (Eq. (6)) are
then computed in pixel space from the inverse spherical har-
monic transform of the bandpass-filtered ai, ℓm coefficients.
The frequency-frequency covariance matrix in Eq. (7) is
actually computed on the bandpass-filtered maps. In this
way, component separation is performed for each needlet
scale (i.e., range of multipoles) independently. Due to their
localization properties, the needlets allow for a filtering in
both pixel space and multipole space, therefore adapting
the component-separation procedure to the local conditions
of contamination in both spaces (see Delabrouille et al.
2009; Remazeilles et al. 2011b; Basak & Delabrouille 2012,
2013).

The top left panel of Fig. 1 shows the result of stacking
3◦ × 3◦ patches of the NILC Planck CMB map in the di-
rection of known galaxy clusters, while the top right panel
shows the result of stacking the 2D-ILC Planck CMB map
in the direction of the same set of galaxy clusters.4 The

4 The Planck PSZ1 catalogue of galaxy clusters from the 2013
Planck data release has been used to determine the position of
known SZ clusters.
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Planck SMICA, SEVEM, NILC maps 

Planck Collaboration: kSZ constraints on missing baryons

density contrast �g(x), and thus the amplitude of the estimated
velocity field is modulated by the bias factor b relating �g(x) and
�(x), �g(x) = b�(x). The bias b factor is assumed to be constant
on the scales of interest.

The second approach performs the same inversion of the lin-
ear continuity equation, but on a linearized estimate of the den-
sity field. This linearized field is obtained after computing the
natural logarithm of unity plus the density contrast of the galaxy
number density field and subsequently removing its spatial aver-
age (Neyrinck et al. 2009),

�LOG(x) = ln
�
1 + �g(x)

� � hln �1 + �g�ispatial. (7)

In this expression, �g(x) denotes again the density contrast of
the galaxy number density at position x. This approach will be
referred to as LOG-LINEAR. Finally, second order perturbation
theory (see, e.g., Bouchet et al. 1995) was applied on this lin-
earized field, yielding a third estimate of the peculiar velocity
field (the LOG-2LPT approach). We refer to K12 for details on
the implementations of the three approaches. For the sake of

simplicity, we discuss results for the LINEAR approach, and

leave the corresponding discussion of the two other methods

in an appendix.

All these methods make use of FFTs requiring the use of a
3D spatial grid when computing galaxy number densities. We
choose to use a grid of 1283 cells, each cell being 4 h

�1 Mpc
on a side. This cell size is well below the scales where the
typical velocity correlations are expected (above 40 h

�1 Mpc),
and comparable with the positional shifts induced by the red-
shift space distortions, (about 3 h

�1 Mpc for a radial velocity of
300 km s�1). These distortions will be ignored hereafter, since
they a↵ect scales much smaller than those of interest in our study
(roughly 20 h

�1 Mpc and above). We note that these distortions
can be corrected in an iterative fashion (see the pioneering work
of Yahil et al. (1991) within the linear approximation; Kitaura
et al. (2012c) for the lognormal model, or Kitaura et al. (2012b)
including nonlocal tidal fields). Nevertheless, our tests perform-
ing such kind of corrections on the mock catalogue yield a very
minor improvement on the scales of interest.

After aligning the X and Z axes of the 3D grid with the
zero Galactic longitude and zero Galactic co-latitude axes, re-
spectively, we place our grid at a distance vector Rbox =
[�300,�250, 150] h

�1 Mpc from the observer. This position
vector locates the corner of the 3D grid that constitutes the ori-
gin for labeling cells within the box. This choice of Rbox is moti-
vated by a compromise between having as many grid cells in the
CGC footprint as possible, and keeping a relatively high galaxy
number density. Placing the 3D grid at a larger distance would
allow us to have all grid cells inside the CGC footprint, but at the
expense of probing distances where the galaxy number density
is low (due to the galaxy radial selection function being low as
well). Our choice for Rbox results in about 150 000 CGs being
present in the box, and about 82 % of the grid cells falling inside
the CGC footprint.

The three approaches will provide estimates of the peculiar
velocity field in each grid cell, vrec(x). From these, it is straight-
forward to compute the radial component as seen by the ob-
server, v

rec
los(x), and to assign it to all galaxies falling into that

grid cell. In Fig. 2 arrows show the LINEAR reconstruction of
the x-component of the peculiar velocity field from the CGC, for
a single z-slice of data. The coloured contour displays the galaxy
density contrast distribution over the same spatial slice.

The methodology outlined in K12 was conducted in the ab-
sence of any sky mask or selection function. In our work we
address these aspects of the real data by means of a Poissonian

Fig. 2. Reconstruction of the x-component of the peculiar ve-
locity field (arrows) in a narrow slice of the grid containing the
CGC over the corresponding density contrast contour 2D plot.

Fig. 3. Correlation coe�cient of the recovered line-of-sight ve-
locities with the actual ones in our GALAXY mock catalogue.
Solid, dotted and dashed lines refer to the LINEAR, LOG-
LINEAR, and LOG-2LPT approaches, respectively. The red
lines consider the ideal scenario without any sky mask or se-
lection function, while the black ones are for the same sky mask
and selection function present in the real CGC.

5

X 

R"

f*R" f=√2R"
"

CMB"

The Astrophysical Journal, 771:137 (11pp), 2013 July 10 Ma, Hinshaw, & Scott

Figure 3. WMAP data used in this analysis. Upper left: co-added seven year W-band map. Upper right: WMAP seven year analysis mask, including point source cuts,
82.4% of the sky remains. Lower left: filtered W-band temperature map, as per Equation (15). Lower right: dimensionless y-parameter map, as per Equation (10).
(A color version of this figure is available in the online journal.)

Figure 4. Measured (black) and predicted (red) power spectra, Cℓ, from the
WMAP seven year W-band map. The predicted spectrum is based on the best-
fit ΛCDM model convolved with the beam, plus detector noise, assuming
Nℓ ≡ 0.0187 µK2 (Hinshaw et al. 2007).
(A color version of this figure is available in the online journal.)

4.2. The Filtered Cluster Profile

What is the shape of the universal cluster profile after
filtering? Let the unfiltered temperature map due to N clusters
at positions r̂i (i = 1, . . . , N ) be

x (r̂) =
∑

i

fi(Θi), (21)

where fi is the profile of the ith cluster, and Θi is the angle
between the ith cluster and r̂ ,

cos Θi = r̂i · r̂ = cos θi cos θ + sin θi sin θ cos(φ − φi). (22)
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Figure 5. Optimal filter (black) for point source detection in the WMAP seven
year W-band map, Equation (19). The CMB signal (red line) and detector noise
(dashed blue line) are shown for comparison, along with their sum (brown line).
(A color version of this figure is available in the online journal.)

The filtered cluster map may be written as

x̃ (r̂) = (W ∗ x )(r̂)

=
∑

i

[∫
dΩ′ fi(Θ′) W (cos Θ′)

]
, (23)

where

W (cos Θ′) =
∑

ℓ

2ℓ + 1
4π

Wℓ Pℓ(cos Θ′), (24)

and cos Θ′ = r̂ · r̂ ′. In the limit that the SZ clusters can be
considered point sources, fi(Θi) = cSiδ(r̂i , r̂), the filtered map
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data augmentation approach. In a first step, all grid cells falling
outside the CGC footprint are populated, via Poissonian realisa-
tions, with the average number of galaxies dictated by the CGC
radial selection function computed from cells inside the foot-
print. In this way we fill all holes in the 3D grid. Following ex-
actly the same procedure, we next radially augment the average
number of counts in cells in such a way that the radial selection
function of the resulting galaxy sample is constant. In this way
we avoid radial gradients that could introduce spurious velocities
along the line of sight.

In order to test this methodology, we use the GALAXY mock
catalogue, in two di↵erent scenarios. The first scenario is an
ideal one, with no mask or selection function: we apply the three
approaches on a box populated with our mock catalogue, and
compare the recovered radial velocities with the real ones pro-
vided by the catalogue. When performing these comparison, we
evaluate a 3D grid for the original galaxy radial velocity v

orig
los by

assigning to each cell the radial velocity of the galaxy falling
nearest to the cell centre, that is, we adopt a nearest particle

(NP) method. For di↵erent radial bins of the k wavevector, we
evaluate the correlation coe�cient (rk) computed from the cross-
power spectrum between the recovered and the original radial
velocity fields and their respective auto-spectra:

rk =
P

orig, rec(k)
p

P orig, orig(k) P rec, rec(k)
. (8)

In this expression, P
X, Y (k) stands for hv(k)X

los(v(k)Y

los)
⇤i, that is,

the radially averaged power spectrum of the line of sight velocity
modes. The superscripts X, Y = orig, rec stand for “original” and
“recovered” components, respectively, and the ⇤ symbol denotes
the complex conjugate operation.

In Fig. 3 the red lines display the correlation coe�cients for
the ideal scenario. Solid, dotted and dashed lines refer to the
LINEAR, LOG-LINEAR, and LOG-2LPT approaches, respec-
tively. On large scales (low k modes), the three approaches pro-
vide correlation coe�cients that are very close to unity, while
they seem to lose information on small scales in the same way.
Note that a direct comparison to the results of K12 is not possi-
ble, since, in our case, we do not use the full dark matter particle
catalogue, but only a central halo one.

After the real mask and selection function obtained from
the CGC is applied to the GALAXY mock catalogue, then the
recovery of the peculiar velocities from the three adopted ap-
proaches worsens considerably. The black lines in Fig. 3 dis-
play, in general, much lower correlation levels than the red ones.
The LINEAR approach seems to be the one that retains most
information on the largest scales, and it out-performs the LOG-
LINEAR and the LOG-2LPT methods on all scales. We hence
expect the LINEAR approach to be more sensitive to the kSZ
e↵ect than the other two methods, particularly on the largest
scales.

Once the velocity inversion from the CGC density contrast
has been performed, we compute the spatial correlation func-
tion between the recovered velocities and the kSZ temperature
anisotropies,

w
T,v(r) = h�Tiv

rec
los(x j)ii, j(r), (9)

where �Ti is estimated as in Eq. 4, and the ensemble average
is obtained after running through all galaxy pairs {i, j} lying a
distance r away.

3.3. Template fitting

When studying the measurements of the kSZ pairwise momen-
tum and kSZ momentum-vrec

los correlation, we perform fits to es-
timates obtained from our numerical simulations. That is, we
minimize the quantity

�2 =
X

i, j

⇣
ŵ

X(ri)�A
X

w̃
X, sim(ri)

⌘
C�1

i j

⇣
ŵ

X(r j)�A
X

w̃
X, sim(r j)

⌘
, (10)

where the indexes i, j run over di↵erent radial bins, ŵ
X(ri) is the

measured quantity in the i-th radial bin (with X either denot-
ing kSZ pairwise momentum or the kSZ temperature-recovered
velocity correlation), and w̃

X sim(ri) refers to its counterpart mea-
sured in the numerical simulation. The symbol Ci j denotes the i j

component of the covariance matrix C that is computed from the
Planck maps after estimating ŵ

X for null positions where no SZ
e↵ect is expected6. This minimization provides formal estimates
for the amplitude A

X and its associated errors:

A
X =

P
i, j ŵ

X(ri) C
�1
i, j w̃

X, sim(r j)
P

i, j w̃X, sim(ri) C
�1
i, j w̃X, sim(r j)

, (11)

�2
AX =

1
P

i, j w̃X, sim(ri) C
�1
i, j w̃X, sim(r j)

. (12)

Most of the information is located at short and intermediate
distances, where the estimated statistic ŵ

X(r) di↵ers most from
zero, as can be seen in Figs. 4 and 5. We also test the null hypoth-
esis, that is, we measure the �2 statistic (defined in Eq. 10 above)
for the particular case of A

X = 0 and estimate the significance
level at which such a value (denoted by �2

null) is compatible with
this null hypothesis. In these cases, we quote the significance as
the number of �-s with which the null hypothesis is ruled out
under Gaussian statistics. The array of distance bins on which
the covariance matrix in Eq. 10 is computed is chosen evenly in
the range 0–150 h

�1 Mpc, and depends on the stability of the in-
version of the covariance matrix. We have checked that, for the
adopted set of distance bins, random variations at the level of
10 % of the measured ŵ

X(r) does not compromise the stability
of the recovered significance estimates. In other words, we ex-
plicitly check that 10 % fluctuations on the measured ŵ

X(r) in-
troduces fluctuations at a similar level in the �2 estimates (more
dramatic changes in the �2 estimates would point to singular or
quasi-singular inverse covariance matrices).

4. Results

4.1. The kSZ pairwise momentum

As mentioned above, the CGC was used previously in Planck
Collaboration Int. XI (2013) to trace the tSZ e↵ect versus stellar
mass down to halos of size about twice that of the Milky Way.
In this case we use the full CGC to trace the presence of the kSZ
signal in Planck data, since our attempts with the most massive
sub-samples of the CGC yield no kSZ signatures. While the tSZ
e↵ect is mostly generated in collapsed structures (Hernández-
Monteagudo et al. 2006a) because it traces gas pressure, the kSZ
e↵ect instead is sensitive to all baryons, regardless of whether
they belong to a collapsed gas cloud or not. Thus it is expected
that not only the virialized gas in halos, but also the baryons

6 These null positions on the Planck maps correspond to rotated or
displaced positions with respect the original location of the CGs, as
will be explained in the next section.
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density contrast �g(x), and thus the amplitude of the estimated
velocity field is modulated by the bias factor b relating �g(x) and
�(x), �g(x) = b�(x). The bias b factor is assumed to be constant
on the scales of interest.

The second approach performs the same inversion of the lin-
ear continuity equation, but on a linearized estimate of the den-
sity field. This linearized field is obtained after computing the
natural logarithm of unity plus the density contrast of the galaxy
number density field and subsequently removing its spatial aver-
age (Neyrinck et al. 2009),

�LOG(x) = ln
�
1 + �g(x)

� � hln �1 + �g�ispatial. (7)

In this expression, �g(x) denotes again the density contrast of
the galaxy number density at position x. This approach will be
referred to as LOG-LINEAR. Finally, second order perturbation
theory (see, e.g., Bouchet et al. 1995) was applied on this lin-
earized field, yielding a third estimate of the peculiar velocity
field (the LOG-2LPT approach). We refer to K12 for details on
the implementations of the three approaches. For the sake of

simplicity, we discuss results for the LINEAR approach, and

leave the corresponding discussion of the two other methods

in an appendix.

All these methods make use of FFTs requiring the use of a
3D spatial grid when computing galaxy number densities. We
choose to use a grid of 1283 cells, each cell being 4 h

�1 Mpc
on a side. This cell size is well below the scales where the
typical velocity correlations are expected (above 40 h

�1 Mpc),
and comparable with the positional shifts induced by the red-
shift space distortions, (about 3 h

�1 Mpc for a radial velocity of
300 km s�1). These distortions will be ignored hereafter, since
they a↵ect scales much smaller than those of interest in our study
(roughly 20 h

�1 Mpc and above). We note that these distortions
can be corrected in an iterative fashion (see the pioneering work
of Yahil et al. (1991) within the linear approximation; Kitaura
et al. (2012c) for the lognormal model, or Kitaura et al. (2012b)
including nonlocal tidal fields). Nevertheless, our tests perform-
ing such kind of corrections on the mock catalogue yield a very
minor improvement on the scales of interest.

After aligning the X and Z axes of the 3D grid with the
zero Galactic longitude and zero Galactic co-latitude axes, re-
spectively, we place our grid at a distance vector Rbox =
[�300,�250, 150] h

�1 Mpc from the observer. This position
vector locates the corner of the 3D grid that constitutes the ori-
gin for labeling cells within the box. This choice of Rbox is moti-
vated by a compromise between having as many grid cells in the
CGC footprint as possible, and keeping a relatively high galaxy
number density. Placing the 3D grid at a larger distance would
allow us to have all grid cells inside the CGC footprint, but at the
expense of probing distances where the galaxy number density
is low (due to the galaxy radial selection function being low as
well). Our choice for Rbox results in about 150 000 CGs being
present in the box, and about 82 % of the grid cells falling inside
the CGC footprint.

The three approaches will provide estimates of the peculiar
velocity field in each grid cell, vrec(x). From these, it is straight-
forward to compute the radial component as seen by the ob-
server, v

rec
los(x), and to assign it to all galaxies falling into that

grid cell. In Fig. 2 arrows show the LINEAR reconstruction of
the x-component of the peculiar velocity field from the CGC, for
a single z-slice of data. The coloured contour displays the galaxy
density contrast distribution over the same spatial slice.

The methodology outlined in K12 was conducted in the ab-
sence of any sky mask or selection function. In our work we
address these aspects of the real data by means of a Poissonian

Fig. 2. Reconstruction of the x-component of the peculiar ve-
locity field (arrows) in a narrow slice of the grid containing the
CGC over the corresponding density contrast contour 2D plot.

Fig. 3. Correlation coe�cient of the recovered line-of-sight ve-
locities with the actual ones in our GALAXY mock catalogue.
Solid, dotted and dashed lines refer to the LINEAR, LOG-
LINEAR, and LOG-2LPT approaches, respectively. The red
lines consider the ideal scenario without any sky mask or se-
lection function, while the black ones are for the same sky mask
and selection function present in the real CGC.
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Figure 3. WMAP data used in this analysis. Upper left: co-added seven year W-band map. Upper right: WMAP seven year analysis mask, including point source cuts,
82.4% of the sky remains. Lower left: filtered W-band temperature map, as per Equation (15). Lower right: dimensionless y-parameter map, as per Equation (10).
(A color version of this figure is available in the online journal.)

Figure 4. Measured (black) and predicted (red) power spectra, Cℓ, from the
WMAP seven year W-band map. The predicted spectrum is based on the best-
fit ΛCDM model convolved with the beam, plus detector noise, assuming
Nℓ ≡ 0.0187 µK2 (Hinshaw et al. 2007).
(A color version of this figure is available in the online journal.)

4.2. The Filtered Cluster Profile

What is the shape of the universal cluster profile after
filtering? Let the unfiltered temperature map due to N clusters
at positions r̂i (i = 1, . . . , N ) be

x (r̂) =
∑

i

fi(Θi), (21)

where fi is the profile of the ith cluster, and Θi is the angle
between the ith cluster and r̂ ,

cos Θi = r̂i · r̂ = cos θi cos θ + sin θi sin θ cos(φ − φi). (22)
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Figure 5. Optimal filter (black) for point source detection in the WMAP seven
year W-band map, Equation (19). The CMB signal (red line) and detector noise
(dashed blue line) are shown for comparison, along with their sum (brown line).
(A color version of this figure is available in the online journal.)

The filtered cluster map may be written as

x̃ (r̂) = (W ∗ x )(r̂)

=
∑

i

[∫
dΩ′ fi(Θ′) W (cos Θ′)

]
, (23)

where

W (cos Θ′) =
∑

ℓ

2ℓ + 1
4π

Wℓ Pℓ(cos Θ′), (24)

and cos Θ′ = r̂ · r̂ ′. In the limit that the SZ clusters can be
considered point sources, fi(Θi) = cSiδ(r̂i , r̂), the filtered map
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Fig. 5.Measured kSZ pairwise momentum for the kSZ map de-
rived from the CLUSTER simulation (filled circles) after consid-
ering different radial apertures on a subset of clusters in the
mass range (1–2)×1014 h−1 M⊙. Pairwise momentum computed
from the GALAXY mock catalogue (filled triangles) after assign-
ing these galaxies a tSZ amplitude following a mass scaling in-
spired by the tSZ measurements of the CGC given in Planck
Collaboration Int. XI (2013).

Results at zero-lag rotation (i.e., the real sky) lie far from
the distribution of the null rotations. There are several individual
distance bins lying more than 3σ (up to 3.8σ on the 16 h−1 Mpc
distance bin for the raw 217GHz frequency map), and the χ2null
tests rule out the null hypothesis typically at the level of 2.1–
2.6σ for the clean maps, and at 3.2σ for the raw 217GHz
frequency map. Likewise, when fitting the observed correlation
function to the wT,vreclos (r) correlation function obtained from the
GALAXY simulation, we obtain values of S/N = AwT,v/σwT,v =
3.0–3.2 for the clean maps, while for the HFI 217GHz raw map
we find S/N = AwT,v/σwT,v = 3.8. We explain this apparent mis-
match below. A clear, large-scale correlation pattern, extending
up to about 80 h−1 Mpc, is found in the data. A complemen-
tary systematic test can be conducted by computing the cross-
correlation function of the kSZ temperature fluctuations (δT )
with shuffled estimates of the recovered line-of-sight peculiar ve-
locities, i.e., to each CG we assign a vreclos estimate corresponding
to a different, randomly selected CG. The result of performing
this test for the LINEAR approach is displayed in Fig. 7, and
shows that the correlation found between the δT s and the recov-
ered velocities clearly vanishes for all shuffled configurations.
By shuffling the recovered velocities we are destroying their co-
herent, large-scale pattern, which couples with large angle CMB
residuals, and generates most of the uncertainty in the measured
cross-correlation. This explains the smaller error bars in Fig. 7
when compared to Fig. 6.

We further study the dependence of the measured wT,vreclos (r)
correlation function on the aperture radius and show the results
in Fig. 8. We again restrict ourselves to the LINEAR approach
and the SEVEM foreground-cleanedmap, and error bars are com-

Fig. 6. Measured cross-correlation function between the kSZ
temperature estimates and the recovered radial peculiar veloc-
ities, wT,vreclos (r), according to the LINEAR approach. The re-
covered velocities are divided with their rms dispersion σv =
310 km s−1, so kSZ temperature estimates are correlated to a
quantity of variance unity. This plot corresponds to an aper-
ture of 8 arcmin. Filled coloured circles correspond to wT,vreclos (r)
estimates from different CMB maps (SEVEM, SMICA, NILC,
COMMANDER, and the HFI 217GHz map). The dotted lines dis-
play the null estimates obtained after computing kSZ tempera-
ture estimates for rotated positions on the SEVEM map, and the
thick dashed line displays the average of the dotted lines. Error
bars are computed from these null estimates of the correlation
function. The solid line provides the best fit of the SEVEM data to
the theoretical prediction for wT,vreclos (r) obtained from the GALAXY
mock catalogue. These predictions are obtained using only a rel-
atively small number of mock halos, and hence their uncertainty
must be considered when comparing to the data.

puted from the null rotations (rather than from shuffling esti-
mates of vreclos). We display results for four apertures ranging from
5 to 18 arcmin: the lower end of this range is given by the angu-
lar resolution of the map, while for the higher end the kSZ signal
is found to vanish. We find that, as for the kSZ peculiar momen-
tum, the kSZ amplitude at 8 arcmin aperture is very close to the
one found at 5 arcmin, and it is still significant at 12 arcmin aper-
ture. We then vary the aperture from 5 to 26 arcmin and calculate
the corresponding χ2 values, as shown in Fig. 9. These results
are for the SEVEM foreground-cleanedmap, and provide another
view of the angular extent of the signal. For the kSZ peculiar
momentum, we have shown in Fig. 4 that there is kSZ evidence
for apertures as large as 12 arcmin, in good agreement with what
we find now for the wT,vreclos (r) correlation function. While this
statistic seems to have higher significance than the pairwise mo-
mentum, for both statistics we find consistently that most of its
signal is again coming from gas not locked in the central regions
of halos, but in the intergalactic medium surrounding the CG
host halos.
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Fig. 7. Same as in Fig. 6, but with the null correlation functions
(displayed by dotted lines) being estimated after assigning the
recovered linear velocity estimate of a given CG to any other
CG in the sample (that is, by v

rec
los “shu✏ing”). Only the LINEAR

approach is displayed in this plot.

cases, the �T s were computed for positions obtained after ro-
tating the real CG angular positions in Galactic longitude. The
results from each of these null rotations are displayed by dotted
lines in Fig. 6, and their average is given by the thick, dashed
line (which lies close to zero at all radii). Both the error bars and
the covariance matrix of the correlation function were obtained
from these null realizations.

Results at zero-lag rotation (i.e., the real sky) lie far from
the distribution of the null rotations, with the null hypothesis
being ruled out at high significance (up to 4.0�). A clear, large-
scale correlation pattern, extending up to about 80 h

�1 Mpc, is
found in the data. A complementary systematic test can be con-
ducted by computing the cross-correlation function of the kSZ
temperature fluctuations (�T ) with shu✏ed estimates of the re-
covered line-of-sight peculiar velocities, i.e. to each CG we as-
sign a v

rec
los estimate corresponding to a di↵erent, randomly se-

lected CG. The result of performing this test for the LINEAR
approach is displayed in Fig. 7, and shows that the correlation
found between the �T s and the recovered velocities clearly van-
ishes for all shu✏ed configurations. By shu✏ing the recovered
velocities we are destroying their coherent, large-scale pattern
which couples with large angle CMB residuals, and generates
most of the uncertainty in the measured cross-correlation. This
explains the smaller error bars in Fig. 7 when compared to Fig. 6.

We further study the dependence of the measured w
T,vrec

los (r)
correlation function on the aperture radius and show the results
in Fig. 8. We again restrict ourselves to the LINEAR approach
and the SEVEM foreground-cleaned map, and error bars are com-
puted from the null rotations (rather than from shu✏ing esti-
mates of v

rec
los). We display results for four apertures ranging from

5 to 18 arcmin: the lower end of this range is given by the angu-
lar resolution of the map, while for the higher end the kSZ signal
is found to vanish. In between there exists high significance for

Fig. 8. Dependence on the aperture radius of the w
T,vrec

los (r) corre-
lation function obtained on the LINEAR approach for the SEVEM
map. Error bars are estimated from the rms of the null correlation
functions computed from rotated kSZ temperature estimates.

the correlation up to 8 arcmin aperture. We then vary the aperture
from 5 to 26 arcmin and calculate the corresponding �2 values, as
shown in Fig. 9. These data correspond to the SEVEM foreground-
cleaned map, and provide another view of the angular extent of
the signal. For the kSZ peculiar momentum, we have shown in
Fig. 4 that the highest significance is also obtained for 8 arcmin,
although in that case there are no significant di↵erences between
the measured kSZ amplitudes for 8 and 12 arcmin, and the cor-
relations for 5 arcmin are compatible with noise. These results
suggest that the w

T,vrec
los (r) correlation function is more sensitive to

the kSZ pairwise momentum, and that most of its signal is again
coming from gas not locked in the central regions of halos, but
in the intergalactic medium surrounding the CG host halos.

We also test the consistency of our results with what hap-
pens if we use other Planck frequency maps or WMAP. Fig. 10
compares the correlation functions obtained from the WMAP-9
W-band cleaned map, and the Planck 70, 100, and 217 GHz fre-
quency bands, for an aperture of 15 arcmin. In order to make
a more even comparison the HFI 100 GHz and 217 GHz raw
maps have been smoothed with a Gaussian beam of FWHM
equal to 13 arcmin. This assures that all maps considered in this
exercise have a similar angular resolution. The results for the
HFI 217 GHz and WMAP W-band maps seem to lie particularly
close, and yield some weak evidence for anticorrelation. The LFI
70 GHz and HFI 100 GHz bands, on the other hand, show less
anti-correlation, pointing to some frequency dependent contri-
bution.

To compare our detection with simulations, the solid line
in Fig. 6 shows the best fit to the prediction inferred from the
GALAXY mock catalogue. This prediction is obtained by apply-
ing the LINEAR velocity recovery algorithm on our GALAXY
catalogue after imposing the sky mask and the selection func-
tion present in the real CGC. Three pseudo-independent esti-
mates of the correlation function of the recovered LOS veloc-
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Fig. 9. Evaluations of the �2 statistic of the w
T,vrec

los (r) correlation
function (with respect to the null hypothesis) for di↵erent an-
gular apertures. Only results for the foreground-cleaned SEVEM
map are shown. Most of the kSZ signal arises for apertures close
to 8 arcmin. This roughly corresponds to a radius of 0.8 h

�1 Mpc
from the CG positions at the median redshift of the sample.

ity vrec and the real LOS velocity vlos (hvlosvreci(r) ⌘ w
vrec,v(r))

are obtained after rotating the 3D grid hosting the mock GALAXY
CGC, so that the side facing the observer is di↵erent in each
case. The solid line corresponds to the average of these three

estimates of w
vrec,v(r), and the fit to the observed correla-

tion function provides a measurement of an amplitude pa-

rameter that we assign to ⌧T, the Thomson optical depth:

w
T,vrec

los (r) = �⌧T w
vrec,v(r). We obtain ⌧T = (1.7 ± 0.4) ⇥ 10�4.

5. Discussion and Conclusion

The ⇠ 4� detection (significance slightly varies with di↵er-

ent maps) of the pairwise momentum indicates that the bary-

onic gas is comoving with the underlying matter flows, even

though it may lie outside the virial radius of the halos. The

aperture of 8 arcmin on the CGs (placed at a median redshift

of z̄ = 0.12) corresponds to a physical radius of ⇠ 1 Mpc.

As we show next, this is considerably higher than the typ-

ical virial radius of the CG host halos. Following the same

approach as in Planck Collaboration Int. XI (2013), we com-

pute the R200 radius containing an average matter density

equal to 200 times the critical density at the halo’s redshift.

In Fig. 11 we display the histogram of the angle subtended

by the R200 of the 150 000 CGs placed in the 3D grid use for

the velocity recovery. The red vertical solid line indicates the

8 arcmin aperture, well above the typical angular size of the

CGC sources.

The behavior displayed by the measured kSZ peculiar

momentum in the top row panels of Fig. 4 di↵ers signifi-

cantly from the pattern found in Fig. 5. The fact that the

measured amplitude of the kSZ pairwise momentum shows

a maximum at an aperture of 8 arcmin, well above the CG

Fig. 10. Variation of the measured w
T,vrec

los (r) correlation function
with the frequency map used to estimate the kSZ temperature
fluctuations. Error bars here are computed in the same way as in
Figs. 6 and 8.

Fig. 11. The histogram of the angle subtended by R200 of the
CGC members.

virial size, signals the presence of unbound gas that is con-

tributing to the measurement. The opposite situation is pro-

vided in Fig. 5: in this scenario most of the signal comes from

the halos rather than from a surrounding gas cloud. This

plot displays the kSZ peculiar momentum from a subset of

our CLUSTER catalogue with sources in the range (1–2)⇥1014

h
�1

M�, after considering di↵erent aperture radii. As long as
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Fig. 9. Evaluations of the χ2 statistic of the wT,vreclos (r) correlation
function (with respect to the null hypothesis) for different an-
gular apertures. Only results for the foreground-cleaned SEVEM
map are shown. Most of the kSZ signal arises for apertures close
to 8 arcmin. This roughly corresponds to a radius of 0.8 h−1 Mpc
from the CG positions at the median redshift of the sample.

The behaviour displayed by the measured kSZ peculiar mo-
mentum in the top row panels of Fig. 4 differs significantly from
the pattern found in Fig. 5. The fact that the measured kSZ pair-
wise momentum shows a roughly constant amplitude out to an
aperture of 12 arcmin, well above the CG virial size, signals the
presence of unbound gas that is contributing to the measurement.
The opposite situation is seen in Fig. 5: in this scenario most of
the signal comes from the halos rather than from a surrounding
gas cloud. This plot displays the kSZ peculiar momentum from a
subset of our CLUSTER catalogue, with sources in the range (1–
2)×1014 h−1 M⊙, after considering different aperture radii. As
long as the halo remains unresolved (as is the case for these sim-
ulated clusters), then as we increase the aperture size the kSZ
signal coming from the halo becomes more diluted and hence
the amplitude decreases, contrary to what is found in Fig. 4.

We find a similar situation in the kSZ temperature-
peculiar velocity cross-correlation. By cross-correlating the re-
constructed peculiar velocity field in a 3D box with the kSZ tem-
perature anisotropies, we find a 3.0σ detection between the two
fields for the SEVEMmap, at an aperture of 8 arcmin. This again,
corresponds to gas clouds with radius roughly 1Mpc, about
twice the mean R200 radius (we find that ⟨R200⟩CGC ≃ 0.4Mpc).
Since the peculiar velocity is directly related to the underlying
matter distribution, our result suggests that gas inside and out-
side CG host halos are comoving with the matter flows.

One way of quantifying the amplitude of our signal is to
ask by what factor we need to scale the model-based wvrec ,v(r)
in order to match our measured wT,vreclos (r). Interpreting this scal-
ing as an “effective” optical depth to Thomson scattering we find
τT = (1.4±0.5)×10−4, which is a factor of 3 larger than that ex-
pected for the gas in typical CG host halos alone. This provides
another piece of evidence that the kSZ signal found in Planck

Fig. 10. Variation of the recovered wT,vreclos (r) correlation function
for the four lowest frequency raw HFI maps after an effective
convolution by a Gaussian beam of FWHM = 5 arcmin. Error
bars here are computed in the same way as in Figs. 6 and 8.

Fig. 11. Histogram of the angle subtended by R200 of the CGC
members.

data is generated by gas beyond the virialized regions around
the CGs, as opposed to the tSZ effect, which is mostly gener-
ated inside collapsed structures (Hernández-Monteagudo et al.
2006a; Van Waerbeke et al. 2014; Ma et al. 2014) .
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Table 1. A list of the recent measurements of the kinetic Sunyaev-Zeldovich effect with cross-correlations of various
tracers of large-scale structure. “Spec-z” and “photo-z” mean galaxy surveys with spectroscopic or photometric redshift
data, respectively. “DES” stands for Dark Energy Survey.

Method Reference kSZ data Tracer type Tracer data Significance

Pairwise Hand et al. (2012)a ACT Galaxies (spec-z) BOSS III/DR9 2.9 σ
temperature Planck Collaboration Int. XXXVII (2016) Planck Galaxies (spec-z) SDSS/DR7 1.8–2.5 σ
difference Hernández-Monteagudo et al. (2015) WMAP Galaxies (spec-z) SDSS/DR7 3.3 σ

Soergel et al. (2016) SPT Clusters (photo-z) 1-yr DES 4.2 σ
De Bernardis et al. (2017) ACT Galaxies (spec-z) BOSS/DR11 3.6–4.1 σ
Sugiyama et al. (2017)b Planck Galaxies (spec-z) BOSS/DR12 2.45 σ
Li et al. (2018)b Planck Galaxies (spec-z) BOSS/DR12 1.65 σ

kSZ × vpec Planck Collaboration Int. XXXVII (2016)c Planck Galaxy velocities SDSS/DR7 3.0–3.7 σ
Schaan et al. (2016)c ACT Galaxy velocities BOSS/DR10 2.9 σ, 3.3 σ

kSZ2 × projected Hill et al. (2016), Planck, Projected WISE 3.8–4.5 σ
density field Ferraro et al. (2016)d WMAP overdensities catalogue

kSZ dispersion This work Planck Clusters MCXC 2.8 σ

a A p-value of 0.002 is quoted in the original paper, which we convert to signal-to-noise ratio by using Eq. (C.3).
b The differences between Sugiyama et al. (2017) and Li et al. (2018) are that the former used a Fourier-space analysis and a

density-weighted pairwise estimator, while the latter used a real-space analysis and a uniform-weighting pairwise momentum
estimator.

c Galaxy peculiar velocities form SDSS/DR7 in Planck Collaboration Int. XXXVII (2016) and BOSS/DR10 in Schaan et al. (2016)
are obtained by reconstructing the linear peculiar velocity field from the density field.

d Here “kSZ2” means the squared kSZ field.

der to simultaneously yield unit response to the CMB emis-
sion law a (Eq. (4)) and zero response to the tSZ emission
law b (Eq. (5)). The residual contamination from Galactic
foregrounds and instrumental noise is controlled through
the condition (Eq. (3)). The exact expression for the 2D-ILC
weights was derived in Remazeilles et al. (2011a) by solving
the minimization problem (Eqs. (3), (4), and (5)):

ŝCMB(r̂) =

(
bTC−1

x
b
)

aTCx

−1 −
(
aTC−1

x
b
)

bTCx

−1

(
aTC−1

x a
) (

bTC−1
x b

)
−
(
aTC−1

x b
)2 x(r̂),

(6)

where Cij
x

= ⟨ xi xj ⟩ are the coefficients of the frequency-
frequency covariance matrix of the Planck channel maps;
in practice we compute this locally in each pixel p as

Cij
x

(p) =
∑

p′∈D(p)

xi(p
′)xj(p′). (7)

Here the pixel domain D(p) (referred to as “super pixels”)
around the pixel p is determined by using the following
procedure: the product of frequency maps xi and xj is con-
volved with a Gaussian kernel in pixel space in order to
avoid sharp edges at the boundaries of super pixels that
would create spurious power (Basak & Delabrouille 2012,
2013).

Before applying the 2D-ILC filter (Eq. (6)) to the Planck
2015 data, we first pre-process the data by performing
point-source “in-painting” and wavelet decomposition, in
order to optimize the foreground cleaning. In each Planck
channel map we mask the point-sources detected at S/N >
5 in the Second Planck Catalogue of Compact Sources
PCCS2 (Planck Collaboration XXVI 2016). The masked

pixels are then filled in by interpolation with neighbour-
ing pixels through a minimum curvature spline surface in-
painting technique, as implemented in Remazeilles et al.
(2015). This pre-processing of the point-source regions will
guarantee reduction of the contamination from compact
foregrounds in the kSZ measurement.

The in-painted Planck maps are then decomposed into
a particular family of spherical wavelets called “needlets”
(see, e.g., Narcowich et al. 2006; Guilloux et al. 2009).
The needlet transform of the Planck maps is performed
as follows. The spherical harmonic coefficients ai, ℓm of the
Planck channel maps xi are bandpass filtered in multi-
pole space in order to isolate the different ranges of an-
gular scales in the data. The 2D-ILC weights (Eq. (6)) are
then computed in pixel space from the inverse spherical har-
monic transform of the bandpass-filtered ai, ℓm coefficients.
The frequency-frequency covariance matrix in Eq. (7) is
actually computed on the bandpass-filtered maps. In this
way, component separation is performed for each needlet
scale (i.e., range of multipoles) independently. Due to their
localization properties, the needlets allow for a filtering in
both pixel space and multipole space, therefore adapting
the component-separation procedure to the local conditions
of contamination in both spaces (see Delabrouille et al.
2009; Remazeilles et al. 2011b; Basak & Delabrouille 2012,
2013).

The top left panel of Fig. 1 shows the result of stacking
3◦ × 3◦ patches of the NILC Planck CMB map in the di-
rection of known galaxy clusters, while the top right panel
shows the result of stacking the 2D-ILC Planck CMB map
in the direction of the same set of galaxy clusters.4 The

4 The Planck PSZ1 catalogue of galaxy clusters from the 2013
Planck data release has been used to determine the position of
known SZ clusters.
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Fig. 5. Optimal matched filter (black line) for point-source
detection in the Planck 2D-ILC map (Eq. (14)). For com-
parison, the power spectra of the CMB signal (red line) and
noise map (blue dashed line) are shown, along with their
sum (brown line).

Fig. 6. Filtered (with Eq. (14)) and masked 2D-ILC map
in dimensionless units (i.e., ∆T/T ).

3. Methodology and statistical tests

3.1. Matched-filter technique

The foreground-cleaned CMB maps (SEVEM, SMICA, NILC,
Commander, and 2D-ILC) contain mainly the primary CMB
and kSZ signals, so in order to optimally characterize the
kSZ signal, we need to use a spatial filter to convolve the
maps in order to downweight the CMB signal. Here we use
the matched-filter technique (e.g., Tegmark & de Oliveira-
Costa 1998; Ma et al. 2013), which is an easily implemented
approach for suppressing the primary CMB and instrumen-
tal noise.

Most of Planck’s SZ-clusters are unresolved, so we treat
them as point sources on the sky. In this limit, if cluster i
has flux Si at sky position r̂i, the sky temperature ∆T (r̂)
can be written as

∆T (r̂) = c
∑

j

Sj δD(r̂, r̂j) +
∑

ℓm

aℓmYℓm(r̂), (8)

where δD is the Dirac delta function, c is the conversion fac-
tor between flux and temperature, and the spherical har-
monics characterize the true CMB fluctuations. The sky

signal, obtained from the Planck telescope, is

∆T obs(r̂) = c
∑

j

Sj

(
∑

ℓ

2ℓ + 1

4π
Pℓ(r̂ · r̂j) Bℓ

)

+
∑

ℓm

anoise
ℓm Yℓm(r̂), (9)

where anoise
ℓm is the true CMB signal convolved with the

beam plus the detector noise, i.e., anoise
ℓm = BℓaCMB

ℓm + nℓm

(assuming that this is the only source of noise). The beam
function of Planck foreground-cleaned maps in ℓ-space is
close to a Gaussian with θFWHM = 5 arcmin, i.e., Bℓ =
exp(−ℓ2σ2

b/2), with σb = θFWHM/
√

8 ln 2. Residual fore-
grounds in the Planck CMB maps and in the 2D-ILC CMB
map have been minimized in the component-separation
algorithms, as demonstrated in Planck Collaboration IX
(2016) for the public Planck CMB maps and in Planck
Collaboration Int. XIII (2014) for the 2D-ILC CMB map.
Figure 4 compares the angular power spectrum, Cℓ, directly
estimated from the map by using the pseudo-Cℓ estimator
(Hivon et al. 2002), and the spectrum predicted by using
the best-fit ΛCDM model and noise template. One can see
that the measured spectral data scatter around the pre-
dicted spectrum, and that the two spectra are quite consis-
tent with each other.

In order to maximize our sensitivity to SZ clusters, we
further convolve ∆T obs(r̂) with an optimal filter Wℓ:

∆T̃ (r̂) = c
∑

j

Sj

(
∑

ℓ

2ℓ + 1

4π
Pℓ(r̂ · r̂j) Bℓ Wℓ

)

+
∑

ℓm

anoise
ℓm Wℓ Yℓm(r̂), (10)

where we are seeking the form of Wℓ that will maximize
cluster signal-to-noise ratio. In the direction of each cluster,
the filtered signal is

∆T̃c(r̂j) = cSj

[
∑

ℓ

(
2ℓ + 1

4π

)
BℓWℓ

]
≡ (cSj)A, (11)

and we want to vary Wℓ to minimize the ratio

σ2 = Var

(
∆T̃noise

A

)
=

∑
ℓ

2ℓ+1
4π Cnoise

ℓ W 2
ℓ(∑

ℓ
2ℓ+1

4π Bℓ Wℓ

)2 , (12)

where Cnoise
ℓ ≡ B2

ℓ CCMB
ℓ + Nℓ, and we take CCMB

ℓ to be
the ΛCDM model power spectrum. Since A in Eq. (11) is
a constant, we minimize Eq. (12) by adding a Lagrange
multiplier to the numerator (see, e.g., Ma et al. 2013), i.e.,
we minimize

∑

ℓ

2ℓ + 1

4π
Cnoise

ℓ W 2
ℓ − λ

(
∑

ℓ

2ℓ + 1

4π
Bℓ Wℓ

)2

. (13)

We then obtain

Wℓ =
Bℓ

B2
ℓ CCMB

ℓ + Nℓ
=

Bℓ

Cnoise
ℓ

, (14)

which we plot in Fig. 5 as a black line, along with the
primary CMB Cℓ, the noise map, and their sum. In the fil-
tering process, we use the normalized filter W nor

ℓ = Wℓ/W ,
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Fig. 5. Optimal matched filter (black line) for point-source
detection in the Planck 2D-ILC map (Eq. (14)). For com-
parison, the power spectra of the CMB signal (red line) and
noise map (blue dashed line) are shown, along with their
sum (brown line).

Fig. 6. Filtered (with Eq. (14)) and masked 2D-ILC map
in dimensionless units (i.e., ∆T/T ).

3. Methodology and statistical tests

3.1. Matched-filter technique

The foreground-cleaned CMB maps (SEVEM, SMICA, NILC,
Commander, and 2D-ILC) contain mainly the primary CMB
and kSZ signals, so in order to optimally characterize the
kSZ signal, we need to use a spatial filter to convolve the
maps in order to downweight the CMB signal. Here we use
the matched-filter technique (e.g., Tegmark & de Oliveira-
Costa 1998; Ma et al. 2013), which is an easily implemented
approach for suppressing the primary CMB and instrumen-
tal noise.

Most of Planck’s SZ-clusters are unresolved, so we treat
them as point sources on the sky. In this limit, if cluster i
has flux Si at sky position r̂i, the sky temperature ∆T (r̂)
can be written as

∆T (r̂) = c
∑

j

Sj δD(r̂, r̂j) +
∑

ℓm

aℓmYℓm(r̂), (8)

where δD is the Dirac delta function, c is the conversion fac-
tor between flux and temperature, and the spherical har-
monics characterize the true CMB fluctuations. The sky

signal, obtained from the Planck telescope, is

∆T obs(r̂) = c
∑

j

Sj

(
∑

ℓ

2ℓ + 1

4π
Pℓ(r̂ · r̂j) Bℓ

)

+
∑

ℓm

anoise
ℓm Yℓm(r̂), (9)

where anoise
ℓm is the true CMB signal convolved with the

beam plus the detector noise, i.e., anoise
ℓm = BℓaCMB

ℓm + nℓm

(assuming that this is the only source of noise). The beam
function of Planck foreground-cleaned maps in ℓ-space is
close to a Gaussian with θFWHM = 5 arcmin, i.e., Bℓ =
exp(−ℓ2σ2

b/2), with σb = θFWHM/
√

8 ln 2. Residual fore-
grounds in the Planck CMB maps and in the 2D-ILC CMB
map have been minimized in the component-separation
algorithms, as demonstrated in Planck Collaboration IX
(2016) for the public Planck CMB maps and in Planck
Collaboration Int. XIII (2014) for the 2D-ILC CMB map.
Figure 4 compares the angular power spectrum, Cℓ, directly
estimated from the map by using the pseudo-Cℓ estimator
(Hivon et al. 2002), and the spectrum predicted by using
the best-fit ΛCDM model and noise template. One can see
that the measured spectral data scatter around the pre-
dicted spectrum, and that the two spectra are quite consis-
tent with each other.

In order to maximize our sensitivity to SZ clusters, we
further convolve ∆T obs(r̂) with an optimal filter Wℓ:

∆T̃ (r̂) = c
∑

j

Sj

(
∑
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2ℓ + 1
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Pℓ(r̂ · r̂j) Bℓ Wℓ

)

+
∑
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ℓm Wℓ Yℓm(r̂), (10)

where we are seeking the form of Wℓ that will maximize
cluster signal-to-noise ratio. In the direction of each cluster,
the filtered signal is

∆T̃c(r̂j) = cSj

[
∑

ℓ

(
2ℓ + 1

4π

)
BℓWℓ

]
≡ (cSj)A, (11)

and we want to vary Wℓ to minimize the ratio
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)
=
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where Cnoise
ℓ ≡ B2

ℓ CCMB
ℓ + Nℓ, and we take CCMB

ℓ to be
the ΛCDM model power spectrum. Since A in Eq. (11) is
a constant, we minimize Eq. (12) by adding a Lagrange
multiplier to the numerator (see, e.g., Ma et al. 2013), i.e.,
we minimize
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We then obtain
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ℓ CCMB

ℓ + Nℓ
=
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Cnoise
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, (14)

which we plot in Fig. 5 as a black line, along with the
primary CMB Cℓ, the noise map, and their sum. In the fil-
tering process, we use the normalized filter W nor

ℓ = Wℓ/W ,
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Fig. 3. Left: Full-sky distribution of 1526 MCXC X-ray clusters (Piffaretti et al. 2011; Planck Collaboration Int. XIII
2014) in Galactic coordinates. The dark blue area is the masked region, and the clusters are shown in orange. Right:
Redshift histogram of 1526 X-ray clusters, with bin width ∆z = 0.025.

from the Planck full-survey maps) to the first and second
halves of each stable pointing period (also called “rings”).
In the half-difference of the resulting “first” and “second”
2D-ILC maps, the sky emission cancels out, therefore leav-
ing an estimate of the noise contamination in the 2D-ILC
CMB maps, constructed from the full-survey data set.

The 2D-ILC CMB map shows approximately 10 % more
noise than the NILC CMB map; this arises from the addi-
tional constraint imposed in the 2D-ILC of cancelling out
the tSZ emission. At the cost of having a slightly higher
noise level, the 2D-ILC CMB map benefits from the ab-
sence of bias due to tSZ in the directions of galaxy clusters.
For this reason, the 2D-ILC CMB map is particularly well
suited for the extraction of the kSZ signal in the direction of
galaxy clusters and we shall focus on it for the main results
of this paper.

2.2. The MCXC X-ray catalogue

To trace the underlying baryon distribution, we use the
Meta Catalogue of X-ray detected Clusters of galaxies
(MCXC), which is an all-sky compilation of 1743 all-
sky ROSAT survey-based samples (BCS, Ebeling et al.
1998, 2000; CIZA, Ebeling et al. 2010; Kocevski et al.
2007; MACS, Ebeling et al. 2007; NEP, Henry et al. 2006;
NORAS, Böhringer et al. 2000; REFLEX, Böhringer et al.
2004; SCP, Cruddace et al. 2002) along with a few other
catalogues (160SD, Mullis et al. 2003; 400SD, Burenin et al.
2007; EMSS, Gioia & Luppino 1994; Henry 2004; SHARC,
Romer et al. 2000; Burke et al. 2003; WARPS, Perlman
et al. 2002; Horner et al. 2008). We show stacks and pro-
files for this catalogue on the Planck map in Figs. 1 and 2.
While selecting sources from this catalogue, we use the lu-
minosity within R500 (the radius of the cluster within which
the density is 500 times the cosmic critical density), L500,
and restrict the samples to have 1.5 × 1033 W < L500 <
3.7 × 1038 W within the band 0.1–2.4keV (see Piffaretti
et al. 2011). As well as L500, for each cluster the catalogue
gives M500, the mass enclosed within R500 at redshift z, i.e.,
M500 = (4π/3)500ρcrit(z)R3

500, estimated using the empiri-
cal relation L500 ∝ M1.64

500 in Arnaud et al. (2010). Further
details of catalogue homogenization and calibration are de-
scribed in Piffaretti et al. (2011) and Planck Collaboration
Int. XIII (2014).

Fig. 4. Measured (black dots) and predicted (red line)
power spectra from the Planck 2D-ILC map. The predicted
spectrum is based on the best-fitting ΛCDM model con-
volved with the squared beam B2

ℓ , with the noise added.
These are estimated using the pseudo-Cℓ estimator de-
scribed in Hivon et al. (2002).

For each cluster in the MCXC catalogue, the proper-
ties we use in the rest of this paper are the sky position
(Galactic coordinates l, b), the redshift z, and the mass
M500. In Sect. 4 we will use M500 and z to estimate the
optical depth for each cluster.

Since in the CMB map, the Galactic plane region is
highly contaminated by foreground emission, we use the
Planck Galactic and point-source mask to remove 40 % of
the sky area. The number of MCXC sources outside the sky
mask is Nc = 1526 (which we use throughout the paper)
and their spatial and redshift distributions are shown in
Fig. 3. The full-sky distribution is presented in the left panel
of Fig. 3, and one can see that the distribution of MCXC
clusters is roughly uniform outside the Galactic mask. The
redshift of MCXC clusters peaks at z = 0.09, with a long
tail towards higher redshift, z >∼ 0.4.
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Fig. 3. Left: Full-sky distribution of 1526 MCXC X-ray clusters (Piffaretti et al. 2011; Planck Collaboration Int. XIII
2014) in Galactic coordinates. The dark blue area is the masked region, and the clusters are shown in orange. Right:
Redshift histogram of 1526 X-ray clusters, with bin width ∆z = 0.025.

from the Planck full-survey maps) to the first and second
halves of each stable pointing period (also called “rings”).
In the half-difference of the resulting “first” and “second”
2D-ILC maps, the sky emission cancels out, therefore leav-
ing an estimate of the noise contamination in the 2D-ILC
CMB maps, constructed from the full-survey data set.

The 2D-ILC CMB map shows approximately 10 % more
noise than the NILC CMB map; this arises from the addi-
tional constraint imposed in the 2D-ILC of cancelling out
the tSZ emission. At the cost of having a slightly higher
noise level, the 2D-ILC CMB map benefits from the ab-
sence of bias due to tSZ in the directions of galaxy clusters.
For this reason, the 2D-ILC CMB map is particularly well
suited for the extraction of the kSZ signal in the direction of
galaxy clusters and we shall focus on it for the main results
of this paper.

2.2. The MCXC X-ray catalogue

To trace the underlying baryon distribution, we use the
Meta Catalogue of X-ray detected Clusters of galaxies
(MCXC), which is an all-sky compilation of 1743 all-
sky ROSAT survey-based samples (BCS, Ebeling et al.
1998, 2000; CIZA, Ebeling et al. 2010; Kocevski et al.
2007; MACS, Ebeling et al. 2007; NEP, Henry et al. 2006;
NORAS, Böhringer et al. 2000; REFLEX, Böhringer et al.
2004; SCP, Cruddace et al. 2002) along with a few other
catalogues (160SD, Mullis et al. 2003; 400SD, Burenin et al.
2007; EMSS, Gioia & Luppino 1994; Henry 2004; SHARC,
Romer et al. 2000; Burke et al. 2003; WARPS, Perlman
et al. 2002; Horner et al. 2008). We show stacks and pro-
files for this catalogue on the Planck map in Figs. 1 and 2.
While selecting sources from this catalogue, we use the lu-
minosity within R500 (the radius of the cluster within which
the density is 500 times the cosmic critical density), L500,
and restrict the samples to have 1.5 × 1033 W < L500 <
3.7 × 1038 W within the band 0.1–2.4keV (see Piffaretti
et al. 2011). As well as L500, for each cluster the catalogue
gives M500, the mass enclosed within R500 at redshift z, i.e.,
M500 = (4π/3)500ρcrit(z)R3

500, estimated using the empiri-
cal relation L500 ∝ M1.64

500 in Arnaud et al. (2010). Further
details of catalogue homogenization and calibration are de-
scribed in Piffaretti et al. (2011) and Planck Collaboration
Int. XIII (2014).

Fig. 4. Measured (black dots) and predicted (red line)
power spectra from the Planck 2D-ILC map. The predicted
spectrum is based on the best-fitting ΛCDM model con-
volved with the squared beam B2

ℓ , with the noise added.
These are estimated using the pseudo-Cℓ estimator de-
scribed in Hivon et al. (2002).

For each cluster in the MCXC catalogue, the proper-
ties we use in the rest of this paper are the sky position
(Galactic coordinates l, b), the redshift z, and the mass
M500. In Sect. 4 we will use M500 and z to estimate the
optical depth for each cluster.

Since in the CMB map, the Galactic plane region is
highly contaminated by foreground emission, we use the
Planck Galactic and point-source mask to remove 40 % of
the sky area. The number of MCXC sources outside the sky
mask is Nc = 1526 (which we use throughout the paper)
and their spatial and redshift distributions are shown in
Fig. 3. The full-sky distribution is presented in the left panel
of Fig. 3, and one can see that the distribution of MCXC
clusters is roughly uniform outside the Galactic mask. The
redshift of MCXC clusters peaks at z = 0.09, with a long
tail towards higher redshift, z >∼ 0.4.
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Table 2. Statistics of the values of (∆T/T ) × 105 at the
true 1526 cluster positions and for 1526 randomly-selected
positions.

True positions Random positions

Mean . . . . . . . . . −0.015 −0.021
Variance . . . . . . . 1.38 1.23
Skewness . . . . . . 0.37 0.09
Kurtosis . . . . . . . 4.44 3.29

Fig. 7. The histograms of 1526 ∆T/T values of 2D-ILC
map at the cluster catalogue positions (red bars), and ran-
domly selected positions (black bars). The statistics of the
true cluster positions and random positions can be found
in Table 2.

Table 3. Rms values for the true sky positions of 1526
MCXC catalogue clusters (σMCXC), along with the mean
(σran) and scatter (σ(σran)) of the values of the rms for
5000 random catalogues, where each catalogue consists of
1526 random positions on the sky.

Map σMCXC × 105 σran × 105 σ(σran) × 105

2D-ILC . . . . . . . . 1.17 1.10 0.022
SMICA . . . . . . . . . 1.11 0.97 0.019
NILC . . . . . . . . . . 1.09 0.97 0.019
SEVEM . . . . . . . . . 1.12 1.00 0.020
Commander . . . . . 1.09 1.03 0.020

where W =
∑ℓmax

ℓ=1 Wℓ/ℓmax. One can see that the filter
function Wℓ gives lower weight in the primary CMB domain
while giving more weight in the cluster regime, ℓ >∼ 2000.
We then convolve the five Planck foreground-cleaned maps
with this Wℓ filter, noting that the noise power spectrum
Nℓ in Eq. (14) of each foreground-cleaned map is esti-
mated by using its corresponding noise map. After we per-
form this step, the primary CMB features are highly sup-
pressed (Fig. 6), and the whole sky looks essentially like a
noisy map, although it still contains the kSZ information
of course.

3.2. Statistical method and tests of robustness

We now proceed to estimate the kSZ temperature disper-
sion and perform various tests. The filtered map contains
the kSZ signal and residual noise, and from this we plot the
histogram of 1526 ∆T/T values at the cluster positions (see
red bars in Fig. 7). We can also randomly select the same
number of pixels on the sky and plot a histogram for that.
The two histograms have almost zero mean value (Table 2),
but in the real cluster positions yield a larger variance than
the random selections, i.e., the real cluster positions give a
slightly broader distribution than for the randomly selected
positions (Table 2). We also show results for the skewness
and kurtosis of the two samples in Table 2, and one can see
that for these statistics the real cluster positions also give
larger values than for the randomly-selected positions. This
suggests that there may be additional tests that could be
performed to distinguish the real cluster kSZ signals; how-
ever, we leave that for future studies, and for the rest of
this paper we just focus on investigating whether the slight
broadening of the distribution is due to the kSZ effect.

3.2.1. Test of thermal Sunyaev-Zeldovich effect residuals

The first test we want to perform is to check whether the
measured kSZ (∆T/T ) value at each cluster position suffers
from residuals of the tSZ effect. The mapmaking procedures
of SMICA, NILC, SEVEM, and Commander minimize the vari-
ance of all non-CMB contribution to the map, but they are
not designed to null the tSZ component. By contrast, the
2D-ILC map is designed to also null the tSZ contribution,
and therefore should provide a cleaner measurement of the
kSZ effect (but with a slightly higher noise level).

We first choose 5000 randomly selected catalogues from
each Planck foreground-cleaned map, each being a collec-
tion of 1526 random positions on the sky. We then calcu-
late the average value of (∆T/T ) for each random cata-
logue and plot the resulting histograms in Fig. 8. The five
different colours of (overlapping) histogram represent the
different Planck maps. One can see that they are all cen-
tred on zero, with approximately the same widths. Since
the 2D-ILC map has nulled the tSZ component in the map,
it does not minimize the variance of all foreground compo-
nents and as a result, its width in Fig. 8 (2.86 × 10−7) is
slightly larger than for all other maps; in these units, the
1 σ width of the histograms for SMICA, NILC, SEVEM and
Commander are 2.49 × 10−7, 2.48 × 10−7, 2.53 × 10−7, and
2.62×10−7, respectively. This indicates that the noise level
in the filtered 2D-ILC map is slightly higher than for the
other four maps.

We then calculate the average value of ∆T/T at the
true cluster positions for the five Planck foreground-cleaned
maps as the vertical bars in Fig. 8. One can see that only
the average value of the 2D-ILC map lies close to zero and
within the 68 % width of the noise histogram, while the val-
ues of all other maps are quite far from the centre of the
noise distribution. This strongly suggests that at each of
the true cluster positions the (∆T/T ) value contains some
contribution from the tSZ effect, so that the tSZ effect con-
tributes extra variance to the foreground-cleaned maps.
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function Wℓ gives lower weight in the primary CMB domain
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with this Wℓ filter, noting that the noise power spectrum
Nℓ in Eq. (14) of each foreground-cleaned map is esti-
mated by using its corresponding noise map. After we per-
form this step, the primary CMB features are highly sup-
pressed (Fig. 6), and the whole sky looks essentially like a
noisy map, although it still contains the kSZ information
of course.

3.2. Statistical method and tests of robustness

We now proceed to estimate the kSZ temperature disper-
sion and perform various tests. The filtered map contains
the kSZ signal and residual noise, and from this we plot the
histogram of 1526 ∆T/T values at the cluster positions (see
red bars in Fig. 7). We can also randomly select the same
number of pixels on the sky and plot a histogram for that.
The two histograms have almost zero mean value (Table 2),
but in the real cluster positions yield a larger variance than
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slightly broader distribution than for the randomly selected
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that for these statistics the real cluster positions also give
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suggests that there may be additional tests that could be
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this paper we just focus on investigating whether the slight
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The first test we want to perform is to check whether the
measured kSZ (∆T/T ) value at each cluster position suffers
from residuals of the tSZ effect. The mapmaking procedures
of SMICA, NILC, SEVEM, and Commander minimize the vari-
ance of all non-CMB contribution to the map, but they are
not designed to null the tSZ component. By contrast, the
2D-ILC map is designed to also null the tSZ contribution,
and therefore should provide a cleaner measurement of the
kSZ effect (but with a slightly higher noise level).

We first choose 5000 randomly selected catalogues from
each Planck foreground-cleaned map, each being a collec-
tion of 1526 random positions on the sky. We then calcu-
late the average value of (∆T/T ) for each random cata-
logue and plot the resulting histograms in Fig. 8. The five
different colours of (overlapping) histogram represent the
different Planck maps. One can see that they are all cen-
tred on zero, with approximately the same widths. Since
the 2D-ILC map has nulled the tSZ component in the map,
it does not minimize the variance of all foreground compo-
nents and as a result, its width in Fig. 8 (2.86 × 10−7) is
slightly larger than for all other maps; in these units, the
1 σ width of the histograms for SMICA, NILC, SEVEM and
Commander are 2.49 × 10−7, 2.48 × 10−7, 2.53 × 10−7, and
2.62×10−7, respectively. This indicates that the noise level
in the filtered 2D-ILC map is slightly higher than for the
other four maps.

We then calculate the average value of ∆T/T at the
true cluster positions for the five Planck foreground-cleaned
maps as the vertical bars in Fig. 8. One can see that only
the average value of the 2D-ILC map lies close to zero and
within the 68 % width of the noise histogram, while the val-
ues of all other maps are quite far from the centre of the
noise distribution. This strongly suggests that at each of
the true cluster positions the (∆T/T ) value contains some
contribution from the tSZ effect, so that the tSZ effect con-
tributes extra variance to the foreground-cleaned maps.
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domly selected positions (black bars). The statistics of the
true cluster positions and random positions can be found
in Table 2.

Table 3. Rms values for the true sky positions of 1526
MCXC catalogue clusters (σMCXC), along with the mean
(σran) and scatter (σ(σran)) of the values of the rms for
5000 random catalogues, where each catalogue consists of
1526 random positions on the sky.
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where W =
∑ℓmax

ℓ=1 Wℓ/ℓmax. One can see that the filter
function Wℓ gives lower weight in the primary CMB domain
while giving more weight in the cluster regime, ℓ >∼ 2000.
We then convolve the five Planck foreground-cleaned maps
with this Wℓ filter, noting that the noise power spectrum
Nℓ in Eq. (14) of each foreground-cleaned map is esti-
mated by using its corresponding noise map. After we per-
form this step, the primary CMB features are highly sup-
pressed (Fig. 6), and the whole sky looks essentially like a
noisy map, although it still contains the kSZ information
of course.
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We now proceed to estimate the kSZ temperature disper-
sion and perform various tests. The filtered map contains
the kSZ signal and residual noise, and from this we plot the
histogram of 1526 ∆T/T values at the cluster positions (see
red bars in Fig. 7). We can also randomly select the same
number of pixels on the sky and plot a histogram for that.
The two histograms have almost zero mean value (Table 2),
but in the real cluster positions yield a larger variance than
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slightly broader distribution than for the randomly selected
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and kurtosis of the two samples in Table 2, and one can see
that for these statistics the real cluster positions also give
larger values than for the randomly-selected positions. This
suggests that there may be additional tests that could be
performed to distinguish the real cluster kSZ signals; how-
ever, we leave that for future studies, and for the rest of
this paper we just focus on investigating whether the slight
broadening of the distribution is due to the kSZ effect.
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kSZ effect (but with a slightly higher noise level).
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each Planck foreground-cleaned map, each being a collec-
tion of 1526 random positions on the sky. We then calcu-
late the average value of (∆T/T ) for each random cata-
logue and plot the resulting histograms in Fig. 8. The five
different colours of (overlapping) histogram represent the
different Planck maps. One can see that they are all cen-
tred on zero, with approximately the same widths. Since
the 2D-ILC map has nulled the tSZ component in the map,
it does not minimize the variance of all foreground compo-
nents and as a result, its width in Fig. 8 (2.86 × 10−7) is
slightly larger than for all other maps; in these units, the
1 σ width of the histograms for SMICA, NILC, SEVEM and
Commander are 2.49 × 10−7, 2.48 × 10−7, 2.53 × 10−7, and
2.62×10−7, respectively. This indicates that the noise level
in the filtered 2D-ILC map is slightly higher than for the
other four maps.

We then calculate the average value of ∆T/T at the
true cluster positions for the five Planck foreground-cleaned
maps as the vertical bars in Fig. 8. One can see that only
the average value of the 2D-ILC map lies close to zero and
within the 68 % width of the noise histogram, while the val-
ues of all other maps are quite far from the centre of the
noise distribution. This strongly suggests that at each of
the true cluster positions the (∆T/T ) value contains some
contribution from the tSZ effect, so that the tSZ effect con-
tributes extra variance to the foreground-cleaned maps.
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Fig. 8. Histogram of the N−1
c

∑
j(∆Tj/T ) values of 5000 random catalogues on the sky (each having Nc = 1526), with

different colours representing different Planck foreground-cleaned maps. The 68 % width of the 2D-ILC, SMICA, NILC,
SEVEM, and Commander histograms are 2.86, 2.49, 2.48, 2.53, 2.62 (×10−7), respectively. The vertical lines represent the
average ∆T/T values at true MCXC cluster positions for each map. One can see that only for the 2D-ILC map is this
value within the 68 % range of the random catalogue distribution, while others are quite far off. This indicates that,
except for the 2D-ILC map, the public Planck maps have residual tSZ contamination at the cluster positions.

Fig. 9. Distribution of the rms for 5000 mock catalogues
(yellow histogram); here each catalogue consists of Nc ran-
domly chosen positions on the filtered 2D-ILC map. The
mean and rms of the 5000 random catalogues are 1.10×10−5

(shown as the black dashed vertical line) and 2.15 × 10−7,
respectively. For the Nc true MCXC cluster positions, the
rms is 1.17 × 10−5 (red vertical dashed line).

3.2.2. Test with random positions

We now want to test whether this slight broadening of the
distribution is a statistically significant consequence of the
kSZ effect. So for the 5000 randomly selected catalogues, we
calculate the scatter of the 1526 (∆T/T ) values. We then
plot (in Fig. 9) the histogram of 5000 rms values of these
random catalogues, and mark the rms value of the true
MCXC cluster positions for reference. One can see that the
mean of the 5000 rms values of the random catalogues is

1.10 × 10−5, and that the scatter of the 5000 rms values of
the random catalogue has a width around 2.15×10−7. The
rms value of the 1526 true MCXC position is 1.17 × 10−5,
larger than the mean value at more than the 3 σ level.

In Table 3, we list the rms value for the true sky po-
sitions of the 1526 MCXC catalogue sources (σMCXC, the
mean (σran), and standard deviation (σ(σran)) for 5000 ran-
dom catalogues for different foreground-cleaned maps. One
can see that although the absolute value of each map varies
somewhat, the second column (σran) is consistently smaller
than the first column (σMCXC) by roughly 0.07–0.13×10−5,
which, specifically for 2D-ILC is about 3 times the scatter
of the rms among catalogues (σ(σran)). This consistency
strongly suggests that the kSZ effect contributes to the ex-
tra dispersion in the convolved ∆T/T maps at the clus-
ter positions (since the 2D-ILC map is constructed to re-
move the tSZ effect). If we use the SMICA, SEVEM, NILC, and
Commander maps, the detailed values will vary slightly due
to the different calibration schemes of the maps, but the de-
tection remains consistently there. The difference between
σMCXC and σran is slightly larger in the SMICA, NILC, and
SEVEM maps due to residual tSZ contamination, shown as
the vertical bars in Fig. 8.

This all points towards the broadening of the ∆T/T
histogram being a consequence of the kSZ effect; hence we
identify it as additional temperature dispersion arising from
the scatter in cluster velocities detected through the kSZ
effect. In Sect. 4, we will interpret this effect in terms of the
line-of-sight velocity dispersion of the SZ clusters, which is
an extra variance predicted in linear perturbation theory in
the standard picture of structure formation (Peebles 1980).
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Table 4. Same as Table 3 for the 2D-ILC map, but chang-
ing the assumed size of the clusters in the filtering func-
tion (Eq. (14)).

σMCXC × 105 σran × 105 σ(σran) × 105

Point source . . . 1.17 1.10 0.022
3 arcmin . . . . . . 1.19 1.12 0.022
5 arcmin . . . . . . 1.26 1.19 0.023
7 arcmin . . . . . . 1.42 1.36 0.026

Table 5. Statistics of the variables ŝ2 due to the kSZ effect
for different CMB maps.

Map E[s2] × 1011
(
V [s2]

)1/2
× 1011 S/N

2D-ILC . . . . . . . . 1.64 0.48 3.4
SMICA . . . . . . . . . 3.53 0.37 9.4
NILC . . . . . . . . . . 2.75 0.38 7.3
SEVEM . . . . . . . . . 3.19 0.40 8.1
Commander . . . . . 1.47 0.42 3.5

3.2.3. Test with finite cluster size

We now want to test how much our results depend on the
assumption that SZ clusters are point sources. A cluster on
the sky appears to have a radius of θ500, which is equal to
θ500 = R500/DA, where R500 is the radius from the centre
of the cluster at which the density contrast is equal to 500
and DA is the angular diameter distance to the cluster. The
peak in the distribution of θ500 values for the MCXC clus-
ters lies at around 3 arcmin, so we multiply the filter func-
tion (Eq. (14)) with an additional “cluster beam function”
Bc

ℓ = exp(−ℓ2σ2
b/2), where σb = θ500/

√
8 ln 2. We pick

three different values for the cluster size, namely θ500 = 3,
5, and 7 arcmin, and see how our results change.

We list our findings in Table 4; one can see that the
detailed values for three cases are slightly different from
those of the point-source assumptions, but the changes are
not dramatic. More importantly, the offsets between σMCXC

and σran stay the same for various assumptions of cluster
size. Therefore the detection of the temperature dispersion
due to the kSZ effect does not strongly depend on the as-
sumption of clusters being point sources.

3.3. Statistical results

3.3.1. Statistics with the uniform weight

We now want to perform a more quantitative calculation
of the significance of detection. Since the convolved map
mainly consists of the kSZ signal at the cluster positions
plus residual noise, we write the observed temperature fluc-
tuation at the cluster positions as

(
∆T

T

)
≡ δ = s + n, (15)

where δ, s, and n represent the observed ∆T/T value, the
kSZ signal contribution, and the residual noise, respectively,
all of which are dimensionless quantities. Now we define the

Table 6. Statistics of the weighted variables ŝ2
w for different

choices of weights in the 2D-ILC map. We use both linear
and squared weights for each of optical depth, luminosity,
mass, and θ500 = R500/DA, where DA is the angular di-
ameter distance of the cluster. The third column lists the
frequency P (s2

w < 0) of finding a value of s2
w smaller than

zero, and the fourth column lists the equivalent signal-to-
noise ratio (see Appendix C).

Weight E[s2
w]

(
V [s2

w]
)1/2

P (s2
w < 0) S/N

×1011 ×1011

Uniform . . . . . . . 1.64 0.48 0.07% 3.2
τ . . . . . . . . . . . . 1.65 0.50 0.11% 3.1
τ 2 . . . . . . . . . . . . 1.62 0.55 0.38% 2.7
θ500 . . . . . . . . . . 3.33 0.64 0.02% 3.5
θ2

500 . . . . . . . . . . 6.86 1.72 0.39% 2.7
L500 . . . . . . . . . . 1.34 0.91 6.94% 1.5
L2

500 . . . . . . . . . . 0.65 2.15 32.4% 0.5
M500 . . . . . . . . . 1.91 0.65 0.43% 2.6
M2

500 . . . . . . . . . 1.81 1.36 8.75% 1.4

estimator ŝ2 as

ŝ2 =
1

Nc

∑

i

δ2
i −

1

Nc

∑

i

n̂2
i , (16)

where the summation includes all of the Nc = 1526 cluster
positions. For the first term δi, we use the Nc true clus-
ter position as the measurement of each observed ∆T/T .
For the second term, we randomly select Nc pixels outside
the Galactic and point-source mask that are not cluster po-
sitions. The calculation of the first term is fixed, whereas
the second term depends on the Nc random positions we
choose. Each randomly selected set of Nc positions corre-
sponds to a mock catalogue, which leads to one value of
s2. We do this for 5000 such catalogues, where each mock
catalogue has a different noise part (n̂i) in Eq. (16), but the
same observed δi. Then we plot the histogram of s2 values
for these catalogues in the left panel of Fig. 10. One can see
that the s2 distribution is close to a Gaussian distribution
with mean and error being s2 = (1.64 ± 0.48) × 10−11.

One can use a complementary method to obtain the
mean and variance of ŝ2, i.e., E[s2] and V [s2]. We lay out
this calculation in Appendix A, where we directly derive
these results:

E[s2] = δ2 − µ2(n);

V [s2] =
1

Nc

[
µ4(n) − µ2

2(n)
]

. (17)

Here µ2 and µ4 are the second and fourth moments of the
corresponding random variables.

For the moments of δ, we use the measurements at the
1526 cluster positions. For the estimate of the noise, we
take all of the unmasked pixels of the convolved sky. In or-
der to avoid selecting the real cluster positions, we remove
all pixels inside a 10 arcmin aperture around each cluster.
These “holes” at each cluster position constitute a negli-
gible portion of the total unmasked pixels, and our results
are not sensitive to the aperture size we choose. As a result,
we have approximately 3 × 107 unmasked pixels to sample
the noise. We then substitute the values into Eq. (17) to
obtain the expectation values and variances.
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b/2), where σb = θ500/

√
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three different values for the cluster size, namely θ500 = 3,
5, and 7 arcmin, and see how our results change.

We list our findings in Table 4; one can see that the
detailed values for three cases are slightly different from
those of the point-source assumptions, but the changes are
not dramatic. More importantly, the offsets between σMCXC

and σran stay the same for various assumptions of cluster
size. Therefore the detection of the temperature dispersion
due to the kSZ effect does not strongly depend on the as-
sumption of clusters being point sources.

3.3. Statistical results

3.3.1. Statistics with the uniform weight

We now want to perform a more quantitative calculation
of the significance of detection. Since the convolved map
mainly consists of the kSZ signal at the cluster positions
plus residual noise, we write the observed temperature fluc-
tuation at the cluster positions as

(
∆T

T

)
≡ δ = s + n, (15)

where δ, s, and n represent the observed ∆T/T value, the
kSZ signal contribution, and the residual noise, respectively,
all of which are dimensionless quantities. Now we define the

Table 6. Statistics of the weighted variables ŝ2
w for different

choices of weights in the 2D-ILC map. We use both linear
and squared weights for each of optical depth, luminosity,
mass, and θ500 = R500/DA, where DA is the angular di-
ameter distance of the cluster. The third column lists the
frequency P (s2

w < 0) of finding a value of s2
w smaller than

zero, and the fourth column lists the equivalent signal-to-
noise ratio (see Appendix C).

Weight E[s2
w]

(
V [s2

w]
)1/2

P (s2
w < 0) S/N

×1011 ×1011

Uniform . . . . . . . 1.64 0.48 0.07% 3.2
τ . . . . . . . . . . . . 1.65 0.50 0.11% 3.1
τ 2 . . . . . . . . . . . . 1.62 0.55 0.38% 2.7
θ500 . . . . . . . . . . 3.33 0.64 0.02% 3.5
θ2

500 . . . . . . . . . . 6.86 1.72 0.39% 2.7
L500 . . . . . . . . . . 1.34 0.91 6.94% 1.5
L2

500 . . . . . . . . . . 0.65 2.15 32.4% 0.5
M500 . . . . . . . . . 1.91 0.65 0.43% 2.6
M2

500 . . . . . . . . . 1.81 1.36 8.75% 1.4

estimator ŝ2 as

ŝ2 =
1

Nc

∑

i

δ2
i −

1

Nc

∑

i

n̂2
i , (16)

where the summation includes all of the Nc = 1526 cluster
positions. For the first term δi, we use the Nc true clus-
ter position as the measurement of each observed ∆T/T .
For the second term, we randomly select Nc pixels outside
the Galactic and point-source mask that are not cluster po-
sitions. The calculation of the first term is fixed, whereas
the second term depends on the Nc random positions we
choose. Each randomly selected set of Nc positions corre-
sponds to a mock catalogue, which leads to one value of
s2. We do this for 5000 such catalogues, where each mock
catalogue has a different noise part (n̂i) in Eq. (16), but the
same observed δi. Then we plot the histogram of s2 values
for these catalogues in the left panel of Fig. 10. One can see
that the s2 distribution is close to a Gaussian distribution
with mean and error being s2 = (1.64 ± 0.48) × 10−11.

One can use a complementary method to obtain the
mean and variance of ŝ2, i.e., E[s2] and V [s2]. We lay out
this calculation in Appendix A, where we directly derive
these results:

E[s2] = δ2 − µ2(n);

V [s2] =
1

Nc

[
µ4(n) − µ2

2(n)
]

. (17)

Here µ2 and µ4 are the second and fourth moments of the
corresponding random variables.

For the moments of δ, we use the measurements at the
1526 cluster positions. For the estimate of the noise, we
take all of the unmasked pixels of the convolved sky. In or-
der to avoid selecting the real cluster positions, we remove
all pixels inside a 10 arcmin aperture around each cluster.
These “holes” at each cluster position constitute a negli-
gible portion of the total unmasked pixels, and our results
are not sensitive to the aperture size we choose. As a result,
we have approximately 3 × 107 unmasked pixels to sample
the noise. We then substitute the values into Eq. (17) to
obtain the expectation values and variances.
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Fig. 10. Left: Distribution of 5000 values of s2 with uniform weight (Eq. (16)) on each position for the 2D-ILC map. Right:
Distribution of v2 calculated from Eq. (30), after subtracting the lensing shift. The distribution has P (v2 < 0) = 5.3 %,
corresponding to a (1-sided) detection of 1.6 σ. We have tested with 50 000 values of s2 and the results are consistent
with those from 5000 values.

In Table 5, we list the mean and rms value of ŝ2.
Comparing with the 2D-ILC map, one can see that the
SMICA, NILC, and SEVEM maps give larger values of E[s2]
and therefore apparently higher significance levels, which
we believe could be due to the fact that the residual tSZ
effect in these maps contributes to the signal. However, the
Commander map gives a reasonable estimate of the disper-
sion, since it appears to be less contaminated by tSZ residu-
als (see Fig. 8). As discussed in Sect. 2.1.2, the mapmaking
procedure of the 2D-ILC product enables us to null the tSZ
effect so that the final map should be free of tSZ, but with
larger noise. This is the reason that we obtain a somewhat
lower significance in Table 5 for 2D-ILC compared to some
of the other maps. We will therefore mainly quote this con-
servative detection in the subsequent analysis.

3.3.2. Statistics with different weights

The results so far have been found using the same weights
for each cluster position. We now examine the stability of
the detection using weighted stacking. In Eq. (16) we de-
fined stacking with uniform weights, which can be general-
ized to

ŝ2
w =

∑
i

(
δ2

i − n̂2
i

)
wi∑

i wi
, (18)

where wi is the weight function. We certainly expect
“larger” clusters to contribute more to the signal, but it
is not obvious what cluster property will be best to use.
In Table 6, we try different weighting functions wi, with
the first row being the uniform weight, which is equiva-
lent to Eq. (16). In addition, we try as different choices of
weighting function the optical depth τ and its square τ2,5

the angular size θ500 and its square θ2
500, the luminosity

L500 and its square L2
500, and the mass M500 and its square

M2
500. Since some of these may give distributions of s2

w that
deviate from Gaussians, we also calculate the frequencies
for finding s2

w smaller than zero, P (s2
w) < 0. The smaller

this P -value is, the more significant is the detection.

5 The calculation of optical depth is shown in Sect. 4, and
Eq. (29) in particular.

From Table 6, we see that most weighting choices are
consistent with uniform weighting though with reduced sig-
nificance of the detection, the exceptions being the choices
of θ500 or θ2

500. For wi = θ500,i and wi = θ2
500,i, we have P -

values of 0.0002 and 0.0039, respectively, yielding (1-sided)
significance levels of 3.5 σ and 2.7 σ. Their distributions de-
viate slightly from a Gaussian, with a tail toward smaller
values.

The increased detection of excess variance using θ500

weighting stems from our choice of using a single cluster
beam function for all clusters. In Sect. 3.2.3 we tested the
robustness of our results to the choice of cluster beam func-
tion, finding little dependence. Nevertheless, such a test as-
sumed all clusters had the same angular size, while in reality
there is a large spread in the angular sizes of the clusters.
By weighting with θ500 we are able to recover some of this
lost signal in a quick and simple way, which we tested by
comparing results for larger clusters versus smaller clus-
ters. Despite this, we find that the increased significance
is mainly due to the increased value for E[s2

w ] and not a
decrease in the noise. This tension may be evidence of sys-
tematic effects in the data or potentially some noise coming
from residual tSZ signal in the 2D-ILC map; this should be
further investigated when better data become available.

3.3.3. Statistics with split samples

We further split the samples into two groups, according to
their median values of M500, R500 and L500. The distri-
butions of these values are shown in Fig. 11. One can see
that our samples span several orders of magnitude in mass,
radius, and luminosity, but that the median values of the
three quantities quite consistently split the samples into
two. We re-calculate the ŝ2 statistics as defined in Eq. (16)
for the two sub-samples and list our results in Table 7.

We see that the groups with lower values of L500, M500,
and R500 give detections of the kSZ temperature dispersion
at 1.1 σ, 1.2 σ, and 0.7 σ, whereas the higher value subsets
give higher S/N detections. It is clear that the signal we see
is dominated by the larger, more massive, and more lumi-
nous subset of clusters, as one might expect. In principle
one could use this information (and that of the previous
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Table 4. Same as Table 3 for the 2D-ILC map, but chang-
ing the assumed size of the clusters in the filtering func-
tion (Eq. (14)).

σMCXC × 105 σran × 105 σ(σran) × 105

Point source . . . 1.17 1.10 0.022
3 arcmin . . . . . . 1.19 1.12 0.022
5 arcmin . . . . . . 1.26 1.19 0.023
7 arcmin . . . . . . 1.42 1.36 0.026

Table 5. Statistics of the variables ŝ2 due to the kSZ effect
for different CMB maps.

Map E[s2] × 1011
(
V [s2]

)1/2
× 1011 S/N

2D-ILC . . . . . . . . 1.64 0.48 3.4
SMICA . . . . . . . . . 3.53 0.37 9.4
NILC . . . . . . . . . . 2.75 0.38 7.3
SEVEM . . . . . . . . . 3.19 0.40 8.1
Commander . . . . . 1.47 0.42 3.5

3.2.3. Test with finite cluster size

We now want to test how much our results depend on the
assumption that SZ clusters are point sources. A cluster on
the sky appears to have a radius of θ500, which is equal to
θ500 = R500/DA, where R500 is the radius from the centre
of the cluster at which the density contrast is equal to 500
and DA is the angular diameter distance to the cluster. The
peak in the distribution of θ500 values for the MCXC clus-
ters lies at around 3 arcmin, so we multiply the filter func-
tion (Eq. (14)) with an additional “cluster beam function”
Bc

ℓ = exp(−ℓ2σ2
b/2), where σb = θ500/

√
8 ln 2. We pick

three different values for the cluster size, namely θ500 = 3,
5, and 7 arcmin, and see how our results change.

We list our findings in Table 4; one can see that the
detailed values for three cases are slightly different from
those of the point-source assumptions, but the changes are
not dramatic. More importantly, the offsets between σMCXC

and σran stay the same for various assumptions of cluster
size. Therefore the detection of the temperature dispersion
due to the kSZ effect does not strongly depend on the as-
sumption of clusters being point sources.

3.3. Statistical results

3.3.1. Statistics with the uniform weight

We now want to perform a more quantitative calculation
of the significance of detection. Since the convolved map
mainly consists of the kSZ signal at the cluster positions
plus residual noise, we write the observed temperature fluc-
tuation at the cluster positions as

(
∆T

T

)
≡ δ = s + n, (15)

where δ, s, and n represent the observed ∆T/T value, the
kSZ signal contribution, and the residual noise, respectively,
all of which are dimensionless quantities. Now we define the

Table 6. Statistics of the weighted variables ŝ2
w for different

choices of weights in the 2D-ILC map. We use both linear
and squared weights for each of optical depth, luminosity,
mass, and θ500 = R500/DA, where DA is the angular di-
ameter distance of the cluster. The third column lists the
frequency P (s2

w < 0) of finding a value of s2
w smaller than

zero, and the fourth column lists the equivalent signal-to-
noise ratio (see Appendix C).

Weight E[s2
w]

(
V [s2

w]
)1/2

P (s2
w < 0) S/N

×1011 ×1011

Uniform . . . . . . . 1.64 0.48 0.07% 3.2
τ . . . . . . . . . . . . 1.65 0.50 0.11% 3.1
τ 2 . . . . . . . . . . . . 1.62 0.55 0.38% 2.7
θ500 . . . . . . . . . . 3.33 0.64 0.02% 3.5
θ2

500 . . . . . . . . . . 6.86 1.72 0.39% 2.7
L500 . . . . . . . . . . 1.34 0.91 6.94% 1.5
L2

500 . . . . . . . . . . 0.65 2.15 32.4% 0.5
M500 . . . . . . . . . 1.91 0.65 0.43% 2.6
M2

500 . . . . . . . . . 1.81 1.36 8.75% 1.4

estimator ŝ2 as

ŝ2 =
1

Nc

∑

i

δ2
i −

1

Nc

∑

i

n̂2
i , (16)

where the summation includes all of the Nc = 1526 cluster
positions. For the first term δi, we use the Nc true clus-
ter position as the measurement of each observed ∆T/T .
For the second term, we randomly select Nc pixels outside
the Galactic and point-source mask that are not cluster po-
sitions. The calculation of the first term is fixed, whereas
the second term depends on the Nc random positions we
choose. Each randomly selected set of Nc positions corre-
sponds to a mock catalogue, which leads to one value of
s2. We do this for 5000 such catalogues, where each mock
catalogue has a different noise part (n̂i) in Eq. (16), but the
same observed δi. Then we plot the histogram of s2 values
for these catalogues in the left panel of Fig. 10. One can see
that the s2 distribution is close to a Gaussian distribution
with mean and error being s2 = (1.64 ± 0.48) × 10−11.

One can use a complementary method to obtain the
mean and variance of ŝ2, i.e., E[s2] and V [s2]. We lay out
this calculation in Appendix A, where we directly derive
these results:

E[s2] = δ2 − µ2(n);

V [s2] =
1

Nc

[
µ4(n) − µ2

2(n)
]

. (17)

Here µ2 and µ4 are the second and fourth moments of the
corresponding random variables.

For the moments of δ, we use the measurements at the
1526 cluster positions. For the estimate of the noise, we
take all of the unmasked pixels of the convolved sky. In or-
der to avoid selecting the real cluster positions, we remove
all pixels inside a 10 arcmin aperture around each cluster.
These “holes” at each cluster position constitute a negli-
gible portion of the total unmasked pixels, and our results
are not sensitive to the aperture size we choose. As a result,
we have approximately 3 × 107 unmasked pixels to sample
the noise. We then substitute the values into Eq. (17) to
obtain the expectation values and variances.
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Table 4. Same as Table 3 for the 2D-ILC map, but chang-
ing the assumed size of the clusters in the filtering func-
tion (Eq. (14)).

σMCXC × 105 σran × 105 σ(σran) × 105

Point source . . . 1.17 1.10 0.022
3 arcmin . . . . . . 1.19 1.12 0.022
5 arcmin . . . . . . 1.26 1.19 0.023
7 arcmin . . . . . . 1.42 1.36 0.026

Table 5. Statistics of the variables ŝ2 due to the kSZ effect
for different CMB maps.

Map E[s2] × 1011
(
V [s2]

)1/2
× 1011 S/N

2D-ILC . . . . . . . . 1.64 0.48 3.4
SMICA . . . . . . . . . 3.53 0.37 9.4
NILC . . . . . . . . . . 2.75 0.38 7.3
SEVEM . . . . . . . . . 3.19 0.40 8.1
Commander . . . . . 1.47 0.42 3.5

3.2.3. Test with finite cluster size

We now want to test how much our results depend on the
assumption that SZ clusters are point sources. A cluster on
the sky appears to have a radius of θ500, which is equal to
θ500 = R500/DA, where R500 is the radius from the centre
of the cluster at which the density contrast is equal to 500
and DA is the angular diameter distance to the cluster. The
peak in the distribution of θ500 values for the MCXC clus-
ters lies at around 3 arcmin, so we multiply the filter func-
tion (Eq. (14)) with an additional “cluster beam function”
Bc

ℓ = exp(−ℓ2σ2
b/2), where σb = θ500/

√
8 ln 2. We pick

three different values for the cluster size, namely θ500 = 3,
5, and 7 arcmin, and see how our results change.

We list our findings in Table 4; one can see that the
detailed values for three cases are slightly different from
those of the point-source assumptions, but the changes are
not dramatic. More importantly, the offsets between σMCXC

and σran stay the same for various assumptions of cluster
size. Therefore the detection of the temperature dispersion
due to the kSZ effect does not strongly depend on the as-
sumption of clusters being point sources.

3.3. Statistical results

3.3.1. Statistics with the uniform weight

We now want to perform a more quantitative calculation
of the significance of detection. Since the convolved map
mainly consists of the kSZ signal at the cluster positions
plus residual noise, we write the observed temperature fluc-
tuation at the cluster positions as

(
∆T

T

)
≡ δ = s + n, (15)

where δ, s, and n represent the observed ∆T/T value, the
kSZ signal contribution, and the residual noise, respectively,
all of which are dimensionless quantities. Now we define the

Table 6. Statistics of the weighted variables ŝ2
w for different

choices of weights in the 2D-ILC map. We use both linear
and squared weights for each of optical depth, luminosity,
mass, and θ500 = R500/DA, where DA is the angular di-
ameter distance of the cluster. The third column lists the
frequency P (s2

w < 0) of finding a value of s2
w smaller than

zero, and the fourth column lists the equivalent signal-to-
noise ratio (see Appendix C).

Weight E[s2
w]

(
V [s2

w]
)1/2

P (s2
w < 0) S/N

×1011 ×1011

Uniform . . . . . . . 1.64 0.48 0.07% 3.2
τ . . . . . . . . . . . . 1.65 0.50 0.11% 3.1
τ 2 . . . . . . . . . . . . 1.62 0.55 0.38% 2.7
θ500 . . . . . . . . . . 3.33 0.64 0.02% 3.5
θ2

500 . . . . . . . . . . 6.86 1.72 0.39% 2.7
L500 . . . . . . . . . . 1.34 0.91 6.94% 1.5
L2

500 . . . . . . . . . . 0.65 2.15 32.4% 0.5
M500 . . . . . . . . . 1.91 0.65 0.43% 2.6
M2

500 . . . . . . . . . 1.81 1.36 8.75% 1.4

estimator ŝ2 as

ŝ2 =
1

Nc

∑

i

δ2
i −

1

Nc

∑

i

n̂2
i , (16)

where the summation includes all of the Nc = 1526 cluster
positions. For the first term δi, we use the Nc true clus-
ter position as the measurement of each observed ∆T/T .
For the second term, we randomly select Nc pixels outside
the Galactic and point-source mask that are not cluster po-
sitions. The calculation of the first term is fixed, whereas
the second term depends on the Nc random positions we
choose. Each randomly selected set of Nc positions corre-
sponds to a mock catalogue, which leads to one value of
s2. We do this for 5000 such catalogues, where each mock
catalogue has a different noise part (n̂i) in Eq. (16), but the
same observed δi. Then we plot the histogram of s2 values
for these catalogues in the left panel of Fig. 10. One can see
that the s2 distribution is close to a Gaussian distribution
with mean and error being s2 = (1.64 ± 0.48) × 10−11.

One can use a complementary method to obtain the
mean and variance of ŝ2, i.e., E[s2] and V [s2]. We lay out
this calculation in Appendix A, where we directly derive
these results:

E[s2] = δ2 − µ2(n);

V [s2] =
1

Nc

[
µ4(n) − µ2

2(n)
]

. (17)

Here µ2 and µ4 are the second and fourth moments of the
corresponding random variables.

For the moments of δ, we use the measurements at the
1526 cluster positions. For the estimate of the noise, we
take all of the unmasked pixels of the convolved sky. In or-
der to avoid selecting the real cluster positions, we remove
all pixels inside a 10 arcmin aperture around each cluster.
These “holes” at each cluster position constitute a negli-
gible portion of the total unmasked pixels, and our results
are not sensitive to the aperture size we choose. As a result,
we have approximately 3 × 107 unmasked pixels to sample
the noise. We then substitute the values into Eq. (17) to
obtain the expectation values and variances.
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Fig. 11. Left: R500 versus M500 for the sample. Right: L500 versus M500 for the sample. The vertical and horizontal lines
show the median values of R500, M500, and L500.

Table 7. Statistics of split samples. Here the median values
of the samples are (M500)mid = 1.68×1014 M⊙, (L500)mid =
2.3 × 1010 L⊙, and (R500)mid = 0.79 Mpc. The number of
sources in each split sample is 763.

Criterion E[s2
w]
(
V [s2

w]
)1/2

P (s2
w < 0) S/N

×1011 ×1011

L500 < (L500)mid . . . . . . 0.78 0.68 12.7% 1.1
L500 > (L500)mid . . . . . . 2.48 0.68 0.07% 3.2

M500 < (M500)mid . . . . . . 0.83 0.68 11.4% 1.2
M500 > (M500)mid . . . . . . 2.45 0.68 0.07% 3.2
R500 < (R500)mid . . . . . . 0.48 0.68 23.7% 0.7
R500 > (R500)mid . . . . . . 2.80 0.68 0.02% 3.5

subsection) to devise an estimator that takes into account
the variability of cluster properties in order to further max-
imize the kSZ signal; however, a cursory exploration found
that, for our current data, improvements will not be dra-
matic. We therefore leave further investigations for future
work.

3.4. Effect of lensing

An additional effect that could cause a correlation between
our tSZ-free CMB maps and clusters comes from gravita-
tional lensing (as discussed in Ferraro et al. 2016). It is
therefore important to determine what fraction of our pu-
tative kSZ signal might come from lensing, and we estimate
this in the following way. The MCMX CMB temperature
variance is set by the integrated local CMB power spec-
trum at these positions. Lensing by the clusters magnifies
the CMB, locally shifting scales with respect to the global
average, potentially introducing a lensing signal in the vari-
ance shift. If we were to compare the CMB variance between
cluster lensed and unlensed skies unlimited by resolution,
no difference would be seen; lensing is merely a remapping
of points on the sky, and hence does not affect one-point
measures, with local shifts in scales in the power spectrum
being compensated by subtle changes in amplitude, keep-
ing the variance the same. However, as noted by Ferraro
et al. (2016), the presence of finite beams and of the filter-
ing breaks this invariance and the relevance of the lensing

effects needs to be assessed. Crudely, the cluster-lensing sig-
nal α · ∇T (with α the deflection due to the cluster) can
be as large as 5 µK (Lewis & Challinor 2006), hence po-
tentially contributing ≃ 25 µK2 to the observed variance
ŝ2 = (121 ± 35) µK2, i.e., around the 1 σ level.

We obtain a more precise estimate with a CMB sim-
ulation as follows. After generating a Gaussian CMB sky
with lensed CMB spectra, we lens the CMB at each clus-
ter position according to the deflection field predicted for a
standard halo profile (Navarro et al. 1996; Dodelson 2004)
of the observed redshift and estimated mass. We use for
this operation a bicubic spline interpolation scheme, on a
high-resolution grid of 0.4 arcmin (Nside = 8192), using the
python lensing tools.6 We then add the 2D-ILC noise-map
estimate to the CMB. We can finally compare the tem-
perature variance at the cluster positions before and after
cluster lensing. We show our results in Fig. 12. The back-
ground (yellow) histogram shows the value of the dispersion
of the 5000 random catalogues on the simulated map with
2D-ILC noise added. The purple (red) line indicates the
value of dispersion of the map without (with) cluster lens-
ing added. One can see that with cluster lensing added the
value of dispersion is shifted to a higher value by 1.4×10−7,
which is somewhat less than the rms of the random cata-
logue (2.1 × 10−7). This indicates that the lensing causes a
roughly 0.7 σ shift in the width of histogram. From Fig. 12,
we can calculate the lensing-shifted ŝ2 as
(

ŝ2
)

lens
=
(
1.061 × 10−5

)2 −
(
1.047 × 10−5

)2

= 2.95 × 10−12. (19)

Therefore, using uniform weights, by subtracting the
(ŝ2)lens, the temperature dispersion ŝ2 in the 2D-ILC map
is measured to be
(

ŝ2
)

= (1.35 ± 0.48) × 10−11, (20)

which is thus detected at the 2.8σ level.

3.5. Comparison with other kSZ studies

Table 1 summarizes all of the previous measurements of the
kSZ effect coming from various cross-correlation studies.

6 Available at https://github.com/carronj/LensIt .
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ABSTRACT

Using the Planck full-mission data, we present a detection of the temperature (and therefore velocity) dispersion due to the
kinetic Sunyaev-Zeldovich (kSZ) effect from clusters of galaxies. To suppress the primary CMB and instrumental noise we derive
a matched filter and then convolve it with the Planck foreground-cleaned “2D-ILC ” maps. By using the Meta Catalogue of X-
ray detected Clusters of galaxies (MCXC), we determine the normalized rms dispersion of the temperature fluctuations at the
positions of clusters, finding that this shows excess variance compared with the noise expectation. We then build an unbiased
statistical estimator of the signal, determining that the normalized mean temperature dispersion of 1526 clusters is ⟨(∆T/T )2⟩ =
(1.64 ± 0.48) × 10−11. However, comparison with analytic calculations and simulations suggest that around 0.7 σ of this result is
due to cluster lensing rather than the kSZ effect. By correcting this, the temperature dispersion is measured to be ⟨(∆T/T )2⟩ =
(1.35 ± 0.48) × 10−11, which gives a detection at the 2.8 σ level. We further convert uniform-weight temperature dispersion into
a measurement of the line-of-sight velocity dispersion, by using estimates of the optical depth of each cluster (which introduces
additional uncertainty into the estimate). We find that the velocity dispersion is ⟨v2⟩ = (123 000 ± 71 000) ( km s−1)2, which is
consistent with findings from other large-scale structure studies, and provides direct evidence of statistical homogeneity on scales
of 600 h−1Mpc. Our study shows the promise of using cross-correlations of the kSZ effect with large-scale structure in order to
constrain the growth of structure.

Key words. Cosmology: observations – cosmic microwave background – large-scale structure of the Universe – Galaxies: clusters:
general – Methods: data analysis

1. Introduction

The kinetic Sunyaev-Zeldovich (hereafter kSZ; Sunyaev
& Zeldovich 1972, 1980) effect describes the temperature
anisotropy of the cosmic microwave background (CMB) ra-
diation due to inverse Compton scattering of CMB photons
off a moving cloud of electrons. The effect can be written
as

∆T

T
(r̂) = −

σT

c

∫
ne (v · r̂) dl, (1)

where σT is the Thomson cross-section, ne is the electron
density, v · r̂ is the velocity along the line-of-sight, and
dl is the path length in the radial direction. By adopt-
ing a so-called “pairwise momentum estimator,” i.e., us-
ing the weights that quantify the difference in temper-
ature between pairs of galaxies, the effect was first de-
tected by Hand et al. (2012) using CMB maps from the
Atacama Cosmology Telescope (ACT). The detection of
the kSZ effect has been further solidified using the same
pairwise momentum estimator with other CMB data, in-
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Conclusion: 
•  We probe gas by cross-correlating the Sunyaev-Zeldovich map from 

Planck with CFHTLens lensing mass maps and SDSS LRG pair 
catalogue to probe gas distributions that are difficult to trace.  

•  Significant correlation is seen with lensing mass. Data is reasonably 
well fit by a halo model, but requires gas out to 5 × virial radius. By the 
virial theorem, the temperature of this gas exactly corresponds to the 
10^5—10^7K, i.e. warm-hot intergalactic medium. This is consistent 
with the finding from numerical simulation. 

•  We use the aperture photometry filter to the kSZ map, and find the 
maximum correlation between kSZ-velocity field is at theta=8 arcmin, 
corresponding to gas outside virial radius. 

•  We also show the detection of the temperature dispersion effect of 
kSZ at 2.8 sigma C.L, which opens a new way of analyzing the 
gaseous distribution of galaxy clusters through higher order statistics. 

•  These studies will potentially provide better measurement on the 
intergalactic baryon component.  


