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DLA measurement
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Model parameter

Counting from dispersion

Baryons are never missing! 

We just haven’t counted enough of 
them at low redshifts



Fukugita, & Peebles 2004

Cosmic baryon inventory:

3.3+…+3.13: =8% total baryon density

90% of baryons are in either intergalactic or intercluster medium



Cen and Ostriker 2006
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The thermal Sunyaev-Zeldovich effect



Thermal Sunyaev-Zeldovich effect (tSZ):

Sunyaev-Zel’dovich E!ect

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 Collaboration VIII 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 the WMAP W-band map, 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 D2
AY = (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 by Arnaud 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)h2
70

[
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
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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 D2
AY = (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-
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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)h2
70

[
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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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
! , which

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

! 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.
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However, the measurement is challenging due to the morphology
of the source and the relative weakness of the signal.

The Planck satellite mission has produced a full-sky tSZ map
with 10 arcmin angular resolution and high sensitivity. In addi-
tion to the numerous galaxy clusters detected in tSZ by Planck ,
the Planck team reports a significant tSZ signal in the inter-cluster
region between the merging clusters of A399�A401 (Planck In-
termediate Results. VIII. 2013). In conjunction with ROSAT X-
ray data, they estimate the temperature and density of the inter-
cluster gas to be kT = 7.1 ± 0.9 keV with a baryon density of
(3.7±0.2)⇥10�4 cm�3.

On a larger scale, luminous red galaxies (LRG’s) are power-
ful tracers of large-scale structure of the universe. These early-type,
massive galaxies, selected on the basis of color and magnitude, con-
sist mainly of old stars with little ongoing star formation. LRG’s
typically reside in the centers of galaxy groups and clusters and
have been used to detect and characterize the remnants of baryon
acoustic oscillations (BAO) at low to intermediate redshift (Eisen-
stein et al. 2005; Kazin et al. 2010; Anderson et al. 2014).

Clampitt et al. (2016) searched for evidence of massive fil-
aments between proximate pairs of LRG’s taken from the Sloan
Digital Sky Survey seventh data release (SDSS DR7). Using weak
gravitational lensing signal, stacked on 135,000 pairs of LRG’s,
they find evidence for filament mass at ⇠4.5s confidence. Simi-
larly, Epps & Hudson (2017) detect the weak lensing signal using
the Canada France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map from stacked filaments between SDSS-III/BOSS LRG’s
at 5s confidence.

Van Waerbeke et al. (2014), Ma et al. (2015) and Hojjati et
al. (2015) report correlations between gravitational lensing and tSZ
signals in the field using the CFHTLenS mass map and Planck tSZ
map. Similarly, Hill & Spergel (2014) reports a statistically signifi-
cant correlation between the Planck CMB lensing potential and the
Planck tSZ map. These results show clear evidence for diffuse gas
tracing dark matter. Further, in the context of a halo model, there
is clear evidence for contributions from both the one- and two-halo
terms, but there is no statistically significant evidence for contri-
butions from diffuse, unbound gas not associated with (correlated)
collapsed halos.

In this paper, we use the Planck tSZ map from the 2015 data
release (Planck Collaboration 2016) to search for evidence of hot
gas in filaments between proximate pairs of LRG’s taken from the
Sloan Digital Sky Survey twelfth data release (Alam et al. 2015):
SDSS DR12 LRG (Prakash et al. 2016). Since the signal-to-noise
ratio of the Planck y-map is not high enough to trace individual
filaments on this scale, we employ a stacking method to search for
an average signal between many pairs. We find a mean filament
signal of �y = (1.31 ± 0.25) ⇥ 10�8 with 5.3s significance. We
compare the filament signal with predictions from the BAHAMAS
suite of hydrodynamic simulations (McCarthy et al. 2017) and
find marginally consistent results for two cosmologies (WMAP9
and Planck 2013) in the suite. Throughout this work, we adopt a
⇤CDM cosmology with ⌦m = 0.3, ⌦⇤ = 0.7, and H0 = 70 km s�1

Mpc�1 for conversion of redshifts into distances.

2 DATA

We use three data sets in this analysis: 1) the Luminous Red Galaxy
catalog from the Sloan Digital Sky Survey twelfth data release1

(SDSS DR12 LRG, N⇠1,400,000, Prakash et al. (2016)), 2) the
Planck Comptonization y map2 from the 2015 data release (Planck
Collaboration 2016), and 3) the BAHAMAS suite of cosmologi-
cal hydrodynamic simulations (McCarthy et al. 2017). We describe
each briefly, in turn.

2.1 LRG pair catalog

SDSS Data Release 12 (DR12) is the final release of data from
SDSS-III. The catalog provides the position, spectroscopic red-
shift, and classification type for each object. We extract objects
identified as sourcetype=LRG. The stellar masses of these objects
have been estimated by three different groups3. We use the esti-
mate based on a principal component analysis method by Chen
et al. (2012), which uses stellar evolution synthesis models from
Bruzual & Charlot (2003), and a stellar initial mass function from
Kroupa (2001). For the stacking analysis, we select LRG’s with
M⇤ > 1011.3M�. According to the M⇤-Y500 scaling relation reported
in Planck Intermediate Results. XI. (2013) (Y500 is the Comptoniza-
tion parameter integrated over a sphere of radius R500), these LRG’s
should have a central tSZ signal-to-noise ratio of order unity. Since
our analysis requires us to estimate and subtract the tSZ signal asso-
ciated with the halos of the individual LRG’s, this cut enhances the
reliability of that estimation, via the procedure described in §3.2.

Not all LRG’s are central galaxies in massive halos. Hoshino
et al. (2015) find that, at a halo mass of 1014.5M�, only 73% of
LRG’s are central, lower than the previous estimate of 89 % ob-
tained from correlation studies (Reid & Spergel 2009). To minimize
the fraction of satellite LRG’s in our sample (which could bias a
filament signal) we select the locally most-massive LRG’s (based
on stellar mass) using a criterion that is analogous to that used in
Planck Intermediate Results. XI. (2013): we reject a given galaxy
if a more massive galaxy resides within a tangential distance of 1.0
h�1Mpc and within a radial velocity difference of |c�z|< 1000 km
s�1.

We construct the LRG pair catalog from this central LRG cat-
alog by finding all neighbouring LRG’s within a tangential dis-
tance of 6-10 h�1Mpc and within a proper radial distance of ±
6 h�1Mpc. The resulting catalog has 262,864 LRG pairs to red-
shifts z ⇠ 0.4. Their redshift and separation distributions are shown
in Figure 1.

2.2 Planck y map

The Planck tSZ map is one of the datasets provided in the Planck
2015 data release. It is available in HEALpix4 format with a pixel
resolution of Nside = 2048. Two types of y map are publicly avail-
able: MILCA and NILC, both of which are based on multi-band
combinations of the Planck band maps (Planck 2015 results. XXII.
2016). Our analysis is based on the MILCA map, but we obtain
consistent results with the NILC map.

The 2015 data release also provides sky masks suitable for

1 http://www.sdss.org/dr12/spectro/spectro_access
2 http://pla.esac.esa.int/pla/#results
3 http://www.sdss.org/dr12/spectro/galaxy
4 http://healpix.sourceforge.net/
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terms, but there is no statistically significant evidence for contri-
butions from diffuse, unbound gas not associated with (correlated)
collapsed halos.

In this paper, we use the Planck tSZ map from the 2015 data
release (Planck Collaboration 2016) to search for evidence of hot
gas in filaments between proximate pairs of LRG’s taken from the
Sloan Digital Sky Survey twelfth data release (Alam et al. 2015):
SDSS DR12 LRG (Prakash et al. 2016). Since the signal-to-noise
ratio of the Planck y-map is not high enough to trace individual
filaments on this scale, we employ a stacking method to search for
an average signal between many pairs. We find a mean filament
signal of �y = (1.31 ± 0.25) ⇥ 10�8 with 5.3s significance. We
compare the filament signal with predictions from the BAHAMAS
suite of hydrodynamic simulations (McCarthy et al. 2017) and
find marginally consistent results for two cosmologies (WMAP9
and Planck 2013) in the suite. Throughout this work, we adopt a
⇤CDM cosmology with ⌦m = 0.3, ⌦⇤ = 0.7, and H0 = 70 km s�1

Mpc�1 for conversion of redshifts into distances.

2 DATA

We use three data sets in this analysis: 1) the Luminous Red Galaxy
catalog from the Sloan Digital Sky Survey twelfth data release1

(SDSS DR12 LRG, N⇠1,400,000, Prakash et al. (2016)), 2) the
Planck Comptonization y map2 from the 2015 data release (Planck
Collaboration 2016), and 3) the BAHAMAS suite of cosmologi-
cal hydrodynamic simulations (McCarthy et al. 2017). We describe
each briefly, in turn.

2.1 LRG pair catalog

SDSS Data Release 12 (DR12) is the final release of data from
SDSS-III. The catalog provides the position, spectroscopic red-
shift, and classification type for each object. We extract objects
identified as sourcetype=LRG. The stellar masses of these objects
have been estimated by three different groups3. We use the esti-
mate based on a principal component analysis method by Chen
et al. (2012), which uses stellar evolution synthesis models from
Bruzual & Charlot (2003), and a stellar initial mass function from
Kroupa (2001). For the stacking analysis, we select LRG’s with
M⇤ > 1011.3M�. According to the M⇤-Y500 scaling relation reported
in Planck Intermediate Results. XI. (2013) (Y500 is the Comptoniza-
tion parameter integrated over a sphere of radius R500), these LRG’s
should have a central tSZ signal-to-noise ratio of order unity. Since
our analysis requires us to estimate and subtract the tSZ signal asso-
ciated with the halos of the individual LRG’s, this cut enhances the
reliability of that estimation, via the procedure described in §3.2.

Not all LRG’s are central galaxies in massive halos. Hoshino
et al. (2015) find that, at a halo mass of 1014.5M�, only 73% of
LRG’s are central, lower than the previous estimate of 89 % ob-
tained from correlation studies (Reid & Spergel 2009). To minimize
the fraction of satellite LRG’s in our sample (which could bias a
filament signal) we select the locally most-massive LRG’s (based
on stellar mass) using a criterion that is analogous to that used in
Planck Intermediate Results. XI. (2013): we reject a given galaxy
if a more massive galaxy resides within a tangential distance of 1.0
h�1Mpc and within a radial velocity difference of |c�z|< 1000 km
s�1.

We construct the LRG pair catalog from this central LRG cat-
alog by finding all neighbouring LRG’s within a tangential dis-
tance of 6-10 h�1Mpc and within a proper radial distance of ±
6 h�1Mpc. The resulting catalog has 262,864 LRG pairs to red-
shifts z ⇠ 0.4. Their redshift and separation distributions are shown
in Figure 1.

2.2 Planck y map

The Planck tSZ map is one of the datasets provided in the Planck
2015 data release. It is available in HEALpix4 format with a pixel
resolution of Nside = 2048. Two types of y map are publicly avail-
able: MILCA and NILC, both of which are based on multi-band
combinations of the Planck band maps (Planck 2015 results. XXII.
2016). Our analysis is based on the MILCA map, but we obtain
consistent results with the NILC map.

The 2015 data release also provides sky masks suitable for

1 http://www.sdss.org/dr12/spectro/spectro_access
2 http://pla.esac.esa.int/pla/#results
3 http://www.sdss.org/dr12/spectro/galaxy
4 http://healpix.sourceforge.net/
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Figure 2. Top: The average Planck y map stacked against 262,864 LRG
pairs in a coordinate system where one LRG is located at (X ,Y ) = (�1,0)
and the other is at (X ,Y ) = (+1,0). The square region, �3 < X ,Y < +3,
comprises 151 ⇥ 151 pixels. Bottom: The corresponding y signal along the
X axis.

Figure 4 shows the residual y map after subtracting the best-
fit circular profiles shown in Figure 3 (note the change in colour
scale from Figures 3 and 4). The bright halo signals appear to be
cleanly subtracted, while a residual signal between the LRGs is
clearly visible. The lower panels of Figure 4 show the residual sig-
nal in horizontal (Y = 0) and vertical (X = 0) slices through the
map. The shape of the signal is consistent with an elongated fila-
mentary structure connecting average pairs of central LRGs. The
mean residual signal in the central region, �0.8 < X < +0.8 and
�0.2 < Y < +0.2, is found to be �y = 1.31⇥10�8.

3.3 Null tests and error estimates

To assess the reality of the residual signal and estimate its uncer-
tainty, we perform two types of Monte Carlo-based null tests. In
the first test, we rotate the centre of each LRG pair by a random an-
gle in galactic longitude (while keeping the galactic latitude fixed,
in case there is a systematic galactic background signal). We then
stack the y map against the set of rotated LRG pairs, and we re-
peat this stacking of the full catalog 1000 times to determine the
rms fluctuations in the background (and foreground) sky. Figure 5
shows one of the 1000 rotated, stacked y maps: the map has no dis-
cernible structure. We can use this ensemble of maps to estimate the
uncertainty of the filament signal quoted above. Taking the same re-
gion used before (�0.8 < X < +0.8 and �0.2 <Y < +0.2), we find
that the ensemble of null maps has a mean and standard deviation
of �y = (�0.03±0.24)⇥10�8 in Figure 7. Since the average sig-
nal in this null test is consistent with zero, we cautiously infer that

Figure 3. Top: The best-fit circular halo profiles fit to the map in Figure 2.
Bottom: The best-fit radial profile of the left and right halos shown above.

our estimator is unbiased, however, we present another test in the
following.

The second null test is to stack the y map against “pseudo-
pairs” of LRGs: that is, pairs of objects that satisfy the transverse
separation criterion, but which have a large separation along the
radial direction. Such pairs are not expected to be connected by
filamentary gas. We generate a pseudo-pair catalog as follows: for
each pair in the original catalog, we pick one of the two members
at random, then pick a new partner LRG that is located within 6-10
h�1Mpc of it in the transverse direction, but which is more than 30
h�1Mpc away in the radial direction. We select the same number of
pairs meeting this criterion as in default LRG pair catalog, so that
the stacked image is of approximately the same depth. We repeat
this selection 1000 times to generate an ensemble of pseudo-pair
catalogs.

The top panel of Figure 6 shows an average y maps stacked
against one of the pseudo pair catalog realizations. This map is
similar to the genuine pair-stacked map shown in Figure 2, but
with less apparent signal between the LRGs. We perform the same
single-halo model fit described above and subtract it from the map
with the result is shown in the middle panel of Figure 6. As with
the rotated null test above, this map shows no discernible structure.
To generate statistics, we repeat this test 1000 times: we find that
the ensemble of null maps has a mean and standard deviation of
�y = (0.00± 0.25) ⇥ 10�8 in Figure 7, virtually the same as with
the rotated ensemble. We adopt this standard deviation as the final
uncertainty of the mean filament signal due to instrument noise,
sky noise (i.e., cosmic variance and foreground rejection errors),
and halo subtraction errors.

MNRAS 000, 1–10 (2017)



  

LRG pairs (Ms > 11.3) + y(D)
ps mask, 0.15<z<0.47 (N=28247)

Stacked

LRG SZ
Subtracted



A Search for Gas Filaments 5

Figure 4. Top: The residual y-map after the best-fit radial halo signals are
subtracted. Bottom: The residual tSZ signal along the X and Y axes.

4 INTERPRETATION

4.1 Systematic errors

Some systematic effects that might enhance or diminish the tSZ
signal in the filaments may exist. For example, in our analysis, al-
though we assume that the average single-halo contribution is cir-
cularly symmetric about each LRG, one might speculate that the
signal we detect between nearby LRG pairs is a result of tidal ef-
fects, in which single-object halos are elongated along the line join-
ing the two objects. However, considering that the ⇠ 260,000 LRG
pairs are made from ⇠ 220,000 LRGs and each LRG has roughly
2 pairs (One is aligned between our LRG pairs and the other is
not aligned), the direction of the elongation is not obvious. While
tidal effects must be present at some level, if they were the dom-
inant explanation for the residual signal we see, we would expect
the elongated halo structure to extend in both directions along the
line joining the objects. The fact that we see no significant excess
signal outside the average pair suggests that tidal effects are not
significant.

On the other hand, there are possible systematic effects that
might lower the tSZ signal in the filaments. For example, some
of the LRG pairs are not connected by filaments, or some of the
filaments may not be straight but curved. However, in a study of
N-body simulations, Colberg et al. (2005) found that cluster pairs
with separations < 5h�1 Mpc are always connected by dark matter
filaments, mostly straight filaments. Further, they found filaments

Figure 5. Top: A sample null map obtained by stacking the y map against
the LRG pairs that were rotated in galactic longitude by random amounts.
Bottom: The tSZ signal along the X and Y axes of the y map shown above.

connecting ⇠85% of pairs separated by 5-10 h�1 Mpc and ⇠70%
of pairs separated by 10-15 h�1 Mpc. This effect would lower the
average y-value in the stacked filament and/or broaden the shape
at some level, but the simulation study implies that most LRG
pairs should be connected by dark matter (and presumably gas) fil-
aments, and that dilution is unlikely to be significant.

In addition, there may be effects from asymmetric feature out-
side halos, due to the filaments extending out to different direction
other than between our LRG pairs. We estimate the effect assuming
circularly symmetric distribution of unaligned filaments around the
halos. The aligned-filaments between the LRG’s occupy roughly
10% with �y ⇠ 1.0⇥ 10�8 region around a circular halo, so one
unaligned filament makes only a few % extra excess on top of the
circular halo profile and the effect should be negligible.

Furthermore, there might be an effect due to the Planck
beam. We study the beam effect for the filaments using the BA-
HAMAS simulations. Using the smoothed y maps, the result is
�y = 0.84⇥ 10�8 in §5 and it is �y = 1.00⇥ 10�8 with the un-
smoothed y maps. With the study, we find that the beam dilutes
the amplitude of y-value by ⇠ 15%, although the mean separation
angle between the LRGs is ⇠ 0.7 deg, therefore, the beam effect
should not be significant in our study.
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Figure 6. Top: An average y map stacked against a catalog of LRG pseudo
pairs (see text for a definition). Middle: The residual y map after subtracting
the best-fit circular halos from the above map, using the same procedure
that was applied to the genuine pair stack. Bottom: The tSZ signal along the
X and Y axes of the residual map shown in the middle panel.

4.2 Unbound diffuse gas or bound gas in halos?

Is the signal we detect due to unbound diffuse gas outside of ha-
los or bound gas in halos between the LRG pairs? To investigate
this, we simulate a model y map using only bound gas in the SDSS
DR12 LRGs with 1010M� < M⇤ < 1012M� and 0. < z < 0.8 and
compare the result with Planck y map. To make the single-halo
model y map, we select “central“ LRGs described in §2.1, which

Figure 7. Top: The mean filament amplitude measured in 1000 randomly-
rotated pair stacks. Bottom: The same statistic evaluated in1000 pseudo-
pair stacks. Both tests are consistent with zero residual signal. The mean
filament amplitude measured in the data (�y = 1.31⇥10�8) is indicated by
red-dash line.

leaves ⇠ 1,100,000 LRGs, and estimate the halo masses of the
LRGs with the stellar-to-halo mass relation of Coupon et al. (2015),
estimated in the CFHTLenS/VIPERS field by combining deep ob-
servations from the near-UV to the near-IR, supplemented by ⇠ 70
000 secure spectroscopic redshifts, and analyzing galaxy cluster-
ing, galaxy-galaxy lensing and the stellar mass function. Then we
locate y profiles within the virial radius (r < r200) of the LRG ha-
los on the map using the universal pressure profile (UPP), which
has an analytical formulation given by Nagai et al. (2007) for the
generalised Navarro-Frenk-White (GNFW) profile (Navarro et al.
1997). For the parameters in the GNFW, we adopt the best-fit
values of [P0,c500,g,a,b ]= [6.41,1.81,0.31,1.33,4.13], estimated
using Planck tSZ and XMM-Newton X-ray data in Planck Interme-
diate Results. V. (2013). For the model y map, we perform the same
analysis. The peak y valus of the LRG halos in Figure 8 is dimmer
than the y map in Figure 2 since we only include the contribution
within the virial radius of the LRG halos and in addition, no sub-
halos are included. After the circular halo subtraction, we obtain
�y = 0.29⇥10�8 from the bridge region. Moreover, we simulate a
model y map including y profiles within r < 3⇥ r200 of the LRG
halos and the result is �y = 0.36⇥10�8. These results suggest that
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ABSTRACT
We search the Planck data for a thermal Sunaev-Zeldovich (tSZ) signal due to gas filaments
between pairs of Luminous Red Galaxies (LRG’s) taken from the Sloan Digital Sky Survey
Data Release 12 (SDSS/DR12). We identify ⇠260,000 LRG pairs in the DR12 catalog that
lie within 6-10 h�1Mpc of each other in tangential direction and within 6 h�1Mpc in radial
direction. We stack pairs by rotating and scaling the angular positions of each LRG so they
lie on a common reference frame, then we subtract a circularly symmetric halo from each
member of the pair to search for a residual signal between the pair members. We find a sta-
tistically significant (5.3s ) signal between LRG pairs in the stacked data with a magnitude
�y = (1.31 ± 0.25) ⇥ 10�8. The uncertainty is estimated from two Monte Carlo null tests
which also establish the reliability of our analysis. Assuming a simple, isothermal, cylindri-
cal filament model of electron over-density with a radial density profile proportional to rc/r
(as determined from simulations), where r is the perpendicular distance from the cylinder axis
and rc is the core radius of the density profile, we constrain the product of over-density and fil-
ament temperature to be dc ⇥ (Te/107 K)⇥ (rc/0.5h�1 Mpc) = 2.7±0.5. To our knowledge,
this is the first detection of filamentary gas at over-densities typical of cosmological large-
scale structure. We compare our result to the BAHAMAS suite of cosmological hydrody-
namic simulations (McCarthy et al. 2017) and find a slightly lower, but marginally consistent
Comptonization excess, �y = (0.84±0.24)⇥10�8.

Key words: galaxies – groups – clusters – halos – filaments – large-scale structure – cosmol-
ogy

1 INTRODUCTION

In the now-standard ⇤CDM cosmology, more than 95% of the en-
ergy density in the universe is in the form of dark matter and dark
energy, whereas baryonic matter only comprises 4.6% (Planck Col-
laboration 2016; Hinshaw et al. 2013).

At high redshift (z & 2), most of the expected baryons are
found in the Lya absorption forest: the diffuse, photo-ionized in-
tergalactic medium (IGM) with a temperature of 104-105 K (e.g.,
Weinberg et al. 1997; Rauch et al. 1997). However, at redshifts
z . 2, the observed baryons in stars, the cold interstellar medium,
residual Lya forest gas, OVI and BLA absorbers, and hot gas in
clusters of galaxies account for only ⇠50% of the expected baryons
– the remainder has yet to be identified (e.g., Fukugita & Peebles

? E-mail: tanimura@phas.ubc.ca

2004; Nicastro et al. 2008; Shull et al. 2012). Hydrodynamical sim-
ulations suggest that 40-50% of baryons could be in the form of
shock-heated gas in a cosmic web between clusters of galaxies.
This so-called Warm Hot Intergalactic Medium (WHIM) has a tem-
perature range of 105-107 K (Cen & Ostriker 2006). The WHIM
is difficult to observe due to its low density: several detections in
the far-UV and X-ray have been reported, but none are considered
definitive (Yao et al. 2012).

The thermal Sunyaev-Zel’dovich (tSZ) effect (Zel’dovich &
Sunyaev 1969; Sunyaev & Zel’dovich 1970, 1972, 1980) arises
from the Compton scattering of CMB photons as they pass through
hot ionized gas along the line of sight. The signal provides an ex-
cellent tool for probing baryonic gas at low and intermediate red-
shifts. Atrio-Barandela and Mücket (2006) and Atrio-Barandela
and Mücket (2008) suggest that electron pressure in the WHIM
would be sufficient to generate potentially observable tSZ signals.

c� 2017 The Authors
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Figure 8. Left: The single-halo model y map described in the text is stacked
against the same 262,864 LRG pairs as in the data analysis. Right: The
residual model y map after subtracting the best-fit circular halos from the
map at left, using the same procedure that was applied to the genuine pair
stack.

most of the y signal we detect between the LRGs should originate
in unbound diffuse gas, although the contributions from other types
of galaxies, less massive galaxies and galaxies in higher redshift
should be present at some level.

4.3 Gas properties

We can estimate the physical conditions of the gas we detect by
considering a simple, isothermal, cylindrical filament model of
electron over-density with a density profile proportional to rc/r,
at redshift z. The Compton y parameter produced by the tSZ effect
is given by

y =
sTkB
mec2

Z
ne Te dl. (2)

In general, the electron density at position x may be expressed as

ne(x,z) = ne(z)(1+d (x)), (3)

where d (x) is the density contrast, and ne(z) is the mean electron
density in the universe at redshift z,

ne(z) =
rb(z)
µemp

, (4)

where rb(z) = rc⌦b(1+ z)3 is the baryon density at redshift z, rc
is the present value of critical density in the universe, ⌦b is the
baryon density in units of the critical density, µe =

2
1+c ' 1.14 is

the mean molecular weight per free electron for a cosmic hydrogen
abundance of c = 0.76, and mp is the mass of the proton.

We can express the profile in the Comptonisation parameter as
a geometrical projection of a density profile with ne(r,z)

y(r?) =
sTkBTe

mec2

Z R

r?

2r ne(r,z)q
r2 � r2

?

dr, (5)

where r? is the tangential distance from the filament axis on the
map and R is the cut-off radius of the filaments. Assuming negli-
gible evolution of the filaments, and a constant over-density, dc, at
the core, out to z = 0.4 (the maximum redshift in our LRG sample),

ne(r = 0,z) =
ne(r = 0,z) ne(z)

ne(z)
= dc ne(0) (1+ z)3. (6)

We consider three density profiles,

ne(r) = constant (r < rc), (7)

ne(r) =
ne(0)p

1+ (r/rc)2
(r < 5rc), (8)

ne(r) =
ne(0)

1+ (r/rc)2 (r < 5rc), (9)

where rc is the core radius. To regularize the profiles, we adopt a
cutoff radius of 5rc for the second and third profile. Applying the
profiles to the simulations, we find the best-fit density profile to
follow (rc/r).

For this model, the predicted mean tSZ signal, �y, in the re-
gion �0.8<X <+0.8, �0.2<Y <+0.2, for the 262,864 filaments
may be written as

�y = 4.9⇥10�8 ⇥
✓

dc
10

◆✓
Te

107 K

◆✓
rc

0.5h�1 Mpc

◆
. (10)

Applying the observational constraint �y = (1.31± 0.25) ⇥ 10�8,
we have,

dc

✓
Te

107 K

◆✓
rc

0.5h�1 Mpc

◆
= 2.7±0.5. (11)

Assuming the same temperature and morphology estimates from
the simulations studied in §5 below apply to the observational data,
the mean filament over-density between LRG pairs is d ⇠ 3.2±0.7.
This suggests that the gas in the filaments between LRGs has a
relatively low density.

5 COMPARISON WITH HYDRODYNAMIC
SIMULATIONS

We compare our results to simulations. To do so, we analyze light
cones from the BAHAMAS suite of simulations (§2.3) as we did
the real data. For each cosmology, we construct simulated LRG
pairs by selecting central galaxies with the same separation crite-
ria as the real data. We invoke a stellar mass threshold such that
the mean stellar mass of the sample matches the mean of the data.
The resulting catalog has 242,669 pairs. Prior to stacking, we also
convolve the simulated y map in each light cone with a 10 arcmin
FWHM Gaussian kernel to match the Planck map. After stacking
and radial halo subtraction, we find the residual tSZ signal be-
tween central galaxy pairs to be �y = (0.84± 0.24) ⇥ 10�8 with
the WMAP9 cosmology. The uncertainty is estimated by drawing
1000 bootstraps samples from among the 40 light cones. We have
also analyzed the simulations based on the Planck 2013 cosmol-
ogy and find �y = (1.14±0.33)⇥10�8. However, this model only
has one realization of the initial conditions, instead of four, so it
has a larger uncertainty than the WMAP9 estimate. In conclusion,
we find a slightly lower, but marginally consistent result from the
simulations for both cosmologies.

The comparison of the simulations to the data is not entirely
straightforward because of possible selection effects. In particular,
the methods for estimating stellar mass in these two systems are
different. The data estimates we use are based on the principal com-
ponent method in Chen et al. (2012), which are, on average, ⇠0.2
dex higher than those based on spectro-photometric model fitting
(Maraston et al. 2013). The simulation estimates we use are based
on directly counting the baryonic mass within 30 kpc of a given
central galaxy. As noted in §2.1, we adopt a stellar mass threshold
of 1011.3 M� for the data. In order to match the mean stellar mass
of the simulation population, we must adopt a stellar mass thresh-
old of 1011.2 M�. This procedure produces the same peak y values
at the center of each mean halo: data and simulation. We believe
this selection should produce comparable filament amplitudes.

In addition, we examine four independent realizations of the
WMAP9 cosmology and find that the mean residual tSZ signal
between central galaxy pairs varies by a factor of ⇠5, from �y =
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Table 2. Upper limits obtained for the filament HI brightness temperature, the locally defined cosmological HI density parameter, the local overdensity of
neutral baryons and the HI column density. Values are reported for both the foreground removal cases, at 2� confidence level.

Tb ⌦
(f)
HI xHI �b NHI

[µK] [10�5] [10�4] [1015 cm�2]

10 modes . 10.3 . 7.0 . 8.2 . 4.6
20 modes . 4.8 . 3.2 . 3.8 . 2.1

the Universe; the latter could be estimated if the total number of
filaments and their size were known. In this context it is more
meaningful to convert the brightness temperature into a measure
of the local baryon overdensity �b; this can be constrained together
with the neutral fraction of hydrogen xHI using (Pritchard & Loeb
2008):✓

Tb
µK

◆
= 2.7 ⇥ 104

xHI

✓
1 +

4
3
�b

◆ ✓
⌦bh

2

0.023

◆

⇥
✓

0.15
⌦mh2

1 + z

10

◆1/2 ✓
1 �

T�

Ts

◆
, (7)

where T� is the CMB temperature and Ts the spin temperature. In
our case, given the expected low density of HI in the intergalactic
filaments, we are in the optically thin regime and Ts � T� , which
allows us to discard the last factor; we can also remove the unity term
added to the baryon overdensity, because it represents the the mean
HI contribution which is subtracted from our stacks. By substituting
the values for our fiducial cosmology we obtain:✓

xHI
10�5

◆ ✓
�b
10

◆
= 0.80

✓
Tb
µK

◆
, (8)

where the HI neutral fraction and baryon overdensity are normalised
to the values typically expected in WHIM (see the discussion in Sec-
tion 1). The substitution of our brightness temperature upper limits
yields the estimates reported in Table 2 for the combination xHI �b.
Since our overall temperature upper limit is⇠ 7.5 µK, the constraint
imposed by eq. (8) is xHI �b . 6⇥10�4, which is easily satisfied by
the typical WHIM values for HI neutral fraction and baryon over-
density. In other words, our detection upper limits provide a loose
constraint for the neutral baryon overdensity in filaments.

It is also useful in this context to estimate the HI column
density, defined as the integral of the numerical HI density along
the line of sight. In the optically thin regime the column density is
related to the brightness temperature via (Meyer et al. 2017):✓

NHI
cm�2

◆
= 1.82 ⇥ 1015

π
d
✓

v
km s�1

◆ 
Tb(v)
mK

�
, (9)

where T(v) is the observed brightness at radial velocity v = cz, and
the integral extends over the line profile. By using 1 + z = ⌫21/⌫,
with ⌫21 the 21-cm line rest frequency and ⌫ the observed frequency,
the relation above can be recast as:✓

NHI
cm�2

◆
= 4.48 ⇥ 1014

π
d
⇣ ⌫
MHz

⌘ 
Tb(⌫)
mK

�
. (10)

The integral can be approximated by the product of the integrand
evaluated in the mean frequency of the maps, ⌫ = 1315.5 MHz, and
the frequency channel width, �⌫ = 1 MHz; by inserting the mea-
sured upper limits in the HI brightness temperature, we obtain the
estimates reported in Table 2, which average around 3.4⇥1015 cm�2.
This value is significantly lower than the HI abundance found in ha-
los; damped Ly ↵ systems, for instance, generally have column

densities NHI > 1022 cm�2 (Bird et al. 2017). Our estimate, how-
ever, is still about one order of magnitude higher than the HI content
we would expect to observe in filaments, given that HI detections
in WHIM have been performed at lower column densities (Richter
et al. 2006; Nicastro et al. 2013). Again, although not represent-
ing a tight upper limit, our constraint is consistent with previous
determination of the filament HI abundance.

The column density can also be evaluated using the estimates
we obtained on the HI density parameter, provided the shape of the
filaments is known. Assuming that the HI is uniformly distributed
inside the filament, we can write:

NHI =
⌦
(f)
HI⇢c

mHI
(1 + z)3 �s, (11)

where mHI is the hydrogen atomic mass, ⇢c is the Universe critical
density, and �s is filament extension along the line of sight. By
substitution of the numerical values, and in astrophysical convenient
units, the latter relation reads:
✓

NHI
1015 cm�2

◆
= 0.21 ©≠

´
⌦
(f)
HI

10�5
™Æ
¨
✓
�s

Mpc

◆
. (12)

In order to match the estimates in ⌦(f)HI and NHI reported in Table 2
the filament thickness is constrained to ⇠ 3 Mpc. There is no uni-
versal definition for the typical filament radial extension; galaxies
are usually considered filament members up to a radial distance
of 0.5 h

�1Mpc (Tempel et al. 2014) or 1 h
�1Mpc (Kooistra et al.

2017) from the filament spine. The latter is consistent with our con-
straint if we take �s to represent the diametral filament size. This
rough estimate serves as a consistency check of our estimated HI
abundance.

6 CONCLUSIONS

This work attempts at finding HI emission from filaments connect-
ing halos in the large-scale structure of matter in the Universe. In
the framework of the missing baryon problem, the results of this
analysis aim at constraining the amount of neutral hydrogen that
can be found in the di�use WHIM component. Previous work pro-
vided estimates based on BLA detection, but were limited to the
study of a relatively small sample. This work addresses the analysis
of the HI filament content by joining the contribution of a large
number of objects distributed over an extended sky area (⇠ 1, 300
square degrees). It represents the analogous of the search for baryons
that DG19 and T19 conducted on the Compton parameter map, but
using for the first time the 21-cm signal of the HI component. It takes
advantage of the capabilities of the low resolution HI intensity map-
ping technique of covering large areas on the sky, and resorts to a
stacking procedure to enhance the signal that we are looking for.

We located the filament positions by selecting suitable pairs
of 2dFGRS galaxies which define their endpoints, and measured

MNRAS 000, 1–15 (2019)

8 D. Tramonte et al.

Figure 5. Results for the analysis of the full map obtained by combining the contribution of all patches (see eq. (5) in the text), shown for both the 10-mode
(Top row) and the 20-mode (bottom row) removed maps. First column. Overall stacking result map; the improvement of the statistics deriving from combining
the individual patch contributions determines a more homogeneous background in this final stack. Second column. The corresponding halo fit map, carrying
the contribution from the galactic HI peaks only. Third column. The filament residual map, obtained by subtracting the halo-fit map from the stack map. Fourth
column. The one dimensional profiles at Y=0 for the total stack, the halo fit and the filament residuals, confirming the absence of a net filament excess in the
central region.

Figure 6. Filament residual maps for the six patches, obtained by subtracting from the stack maps in Fig. 4 the corresponding fitted halo profiles. Again, the
scale is saturated for each individual patch in order to better show the background structures.
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thermal Sunyaev- 
Zeldovich effect 

Weak LensingX

kinetic Sunyaev- 
Zeldovich effect X Peculiar velocity field

Thermal SZ maps                    Luminous red galaxiesX
H Tanimura, …, YZM,… et al. 2018, MNRAS, 483, 223

Planck intermediate results XXXVII, 2016, A&A, 586, 140 
C.Hernandez-Monteagudo, YZM, F-S Kitaura, W.Wang et al., 2015, Phys. Rev. Lett. 115, 191301 
Yi-Chao Li, YZM, Mathieu Remazeilles, Kavilan Moodley, 2018, PRD, 97, 023514

YZM, L. Van Waerbeke et al., 2015, JCAP, 09, 046 
A. Hojjati, I. McCarthy, J. Harnois-Deraps, YZM et al., 2015, JCAP, 10, 047 
A. Hojjati, …. , YZM,… 2017, JCAP, 471, 1565

kinetic SZ effect                      MCXC clustersX
Planck intermediate results LIII, 2018, A&A, 617, A48

—>HI (21-cm) intensity mapping         Central galaxiesX
D. Tramonte, YZM, Y.C. Li, L. Staveley-Smith, 2019, MNRAS





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 Collaboration VIII 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 the WMAP W-band map, 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 D2
AY = (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 by Arnaud 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)h2
70

[
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
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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 =
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gle. It can be written as D2
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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 by Arnaud 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)
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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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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 Collaboration VIII 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 the WMAP W-band map, 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.
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ABSTRACT

By looking at the kinetic Sunyaev-Zeldovich e↵ect (kSZ) in Planck nominal mission data, we present a significant detection of baryons partici-
pating in large-scale bulk flows around central galaxies (CGs) at redshift z ⇡ 0.1. We estimate the pairwise momentum of the kSZ temperature
fluctuations at the positions of the CGC (the Central Galaxy Catalogue) samples extracted from Sloan Digital Sky Survey (SDSS-DR7) data. For
the foreground cleaned SEVEM, SMICAand NILCmaps, we find 4.6, 3.6, and 4.2� detection of the kSZ signal respectively. We further reconstruct
the peculiar velocity field from the CG density field, and compute for the first time the cross-correlation function between kSZ temperature fluctu-
ations and estimates of CG radial peculiar velocities. This correlation function yields a 4.6� detection of the peculiar motion of extended gas on
Mpc scales, in flows correlated up to distances of 80–100 h

�1 Mpc. The aperture size yielding maximal pairwise momentum estimates and kSZ
temperature-velocity field correlation is 8 arcmin, corresponding to a physical radius of ⇠ 1 Mpc, almost twice as large as the mean virial radius
of halos. This is consistent with the predictions from hydrodynamical simulations that most of the baryons are outside the virialized halos. After
comparing with numerical simulations, the intergalactic optical depth is inferred to be ⌧T = (1.7 ± 0.4) ⇥ 10�4. This measurement of ⌧T indicates
that most of the gas is in a di↵use phase, which hardly gives rise to any significance in either X-ray or thermal Sunyaev-Zeldovich observations.

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 e↵ect (hereafter kSZ, Sunyaev
& Zeldovich 1972, 1980) describes the Doppler boost experi-
enced by a small fraction of the photon bath of the Cosmic
Microwave Background (CMB) radiation when scattering o↵ a
cloud of moving electrons. In the limit of Thomson scattering,
where there is no energy exchange between the electrons and the
CMB photons, the kSZ e↵ect is equally e�cient for all frequen-
cies and gives rise to relative brightness temperature fluctuations
in the CMB that are frequency independent:
�T

T0
(n̂) = �

Z
dl�Tne

✓v
c
· n̂
◆
. (1)

In this equation, the integral is performed along the line of sight,
ne denotes the electron number density, �T is the Thomson
cross-section, and (v/c) · n̂ represents the line of sight compo-
nent of the electron peculiar velocity in units of the speed of
light c. The equation above shows that the kSZ e↵ect is sensitive
to the peculiar momentum of the free electrons, since it is propor-
tional to both their density and peculiar velocity. A few previous
studies (Hernández-Monteagudo et al. 2006b; Bhattacharya &
Kosowsky 2008; Ma & Zhao 2014; Li et al. 2014) have pro-
posed its use to trace the growth of velocities throughout cosmic
history and its connection to dark energy and modified gravity.

Refs. Zhang & Stebbins (2011) and Planck Collaboration Int.
XIII (2014) have also used the kSZ e↵ect to test the Copernican
Principle and the homogeneity of the universe. In addition, the
impact of kSZ e↵ect on sub-cluster scales has also been investi-
gated (Inogamov & Sunyaev 2003; Dolag & Sunyaev 2013).

Therefore, there have been previous attempts to detect the
kSZ e↵ect in existing CMB data (Kashlinsky et al. 2008, 2010;
Lavaux et al. 2013; Hand et al. 2012). The results of Kashlinsky
et al. (2008, 2010), pointing to the existence of a bulk flow of
large amplitude (800 – 1000 km s�1) extending to scales of at
least 800 Mpc, have been disputed by a considerable number of
authors (e.g., Keisler 2009; Osborne et al. 2011; Mody & Hajian
2012; Planck Collaboration Int. XIII 2014; Feindt et al. 2013).
On the other hand, Lavaux et al. (2013) have claimed the detec-
tion of the local bulk flow (within 80 h

�1 Mpc) by using the kSZ
in WMAP data in the direction of nearby galaxies. While these
results remain at a low (roughly 1.7�) significance level, they
also show some tension with the results that we present here. On
the other hand, the work of Hand et al. (2012) constitutes the first
clear detection of the kSZ e↵ect (using the “pairwise” momen-
tum approach that we describe below), and no other group has
confirmed their results to date. In addition, Sayers et al. (2013)
have provided a first claimed significant detection of the kSZ ef-
fect in a single source. After the first data release of the Planck
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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, C!, 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
N! ≡ 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′) =
∑

!

2! + 1
4π

W! P!(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

5

Planck Collaboration: kSZ constraints on missing baryons

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, C!, 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
N! ≡ 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)

5 10 50 100 500 1000
0.001

0.01

0.1

1

10

100

1000

multipoles l

C
l

Filter:Wl

Total:Cl
CMB NlBl

2

Noise:NlBl
2

CMB:Cl
CMB

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′) =
∑

!

2! + 1
4π

W! P!(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 δg(x), and thus the amplitude of the estimated
velocity field is modulated by the bias factor b relating δg(x) and
δ(x), δg(x) = bδ(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),

δLOG(x) = ln
(
1 + δg(x)

) − 〈ln (1 + δg)〉spatial. (7)

In this expression, δg(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, vrec

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, C!, 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
N! ≡ 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′) =
∑

!

2! + 1
4π

W! P!(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
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distance bins lying more than 3σ (up to 3.8σ on the 16 h−1 Mpc
distance bin for the raw 217 GHz frequency map), and the χ2

null
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 217 GHz
frequency map. Likewise, when fitting the observed correlation
function to the wT,vrec

los (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 217 GHz 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 vrec

los 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,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-

Fig. 6. Measured cross-correlation function between the kSZ
temperature estimates and the recovered radial peculiar veloc-
ities, wT,vrec

los (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,vrec

los (r)
estimates from different CMB maps (SEVEM, SMICA, NILC,
COMMANDER, and the HFI 217 GHz 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,vrec

los (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 vrec

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. 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-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 there is kSZ evidence
for apertures as large as 12 arcmin, in good agreement with what
we find now for the wT,vrec

los (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. 8. Dependence on the aperture radius of the wT,vrec
los (r) correlation

function obtained in the LINEAR approach for the SEVEM map. Error
bars are estimated from the rms of the null correlation functions com-
puted from rotated kSZ temperature estimates.

Fig. 9. Evaluations of the χ2 statistic of the wT,vrec
los (r) correlation func-

tion (with respect to the null hypothesis) for different angular apertures.
Only results for the foreground-cleaned SEVEM map are shown. There is
evidence for kSZ signal in a wide range of apertures above the FWHM,
with a local maximum 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.
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the angular resolution of the map, while for the higher end the
kSZ signal is found to vanish. We find that, as for the kSZ pe-
culiar momentum, the kSZ amplitude at 8 arcmin aperture is
very close to the one found at 5 arcmin, and it is still signifi-
cant at 12 arcmin aperture. We then vary the aperture from 5 to
26 arcmin and calculate the correspondingχ2 values, as shown in
Fig. 9. These results are for 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

Fig. 10. Variation of the recovered wT,vrec
los (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.

there is kSZ evidence for apertures as large as 12 arcmin, in good
agreement with what we find now for the wT,vrec

los (r) correlation
function. While this statistic seems to have higher significance
than the pairwise momentum, for both statistics we find consis-
tently 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 respect
to frequency on raw Planck raw maps. For that we use the
HFI channels ranging from 100 GHz up to 353 GHz and now
we fix the aperture at 8 arcmin. Since the 100 and 143 GHz
frequency maps have angular resolution comparable or worse
than 8 arcmin, we choose to deconvolve all HFI maps un-
der consideration by their respective (approximate) Gaussian
beams, and convolve them again with a Gaussian beam of
FWHM = 5 arcmin. While this approach may challenge the
noise levels for the HFI maps with coarser beams, we find that
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Pairwise kSZ signal

2. Group catalogue

We also analyze the recently updated SDSS group
catalogue [34], which is constructed with the galaxy
samples from the SDSS DR13 Northern Galactic Cap
galaxy catalogue. The redshift histogram of the SDSS
group catalogue is shown as a blue line in Fig. 1. The
galaxies with z > 0.2 are cut out in this catalogue [8].
The group catalogue has a similar redshift distribution as
the DR7 CGC, which is the central galaxy catalogue used
in the previous analysis of [8].
The group finder used for the DR13 Group catalogue is

based on that of Ref. [35], with improved halo mass
assignment. The improved group finder gives more accu-
rate halo-mass estimates, and extends the group samples to
even lower mass.
The number of samples, sky coverage and halo mass and

redshift range of LowZ North and South catalogue, and the
DR13 group catalogue are shown in Table I.

III. THE ESTIMATOR

The CMB brightness temperature fluctuation induced by
the kSZ effect of a galaxy cluster is given by

δTkSZ;i ¼ −
T0τ̄
c

vi · n̂i; ð2Þ

where τ̄ is the mean optical depth of the sample, T0 ¼
2.725 K is the mean CMB temperature, c is the speed of
light, n̂i is the line-of-sight direction, and vi is the peculiar
velocity of the galaxy cluster relative to the CMB. Here we
make the assumption that the gas in the cluster traces the
mass, and that all clusters have the same gas-mass fraction.
We also assume that the peculiar velocity of free electrons
is the same as the velocity of dark matter, so that it traces
the underlying dark matter distribution.
The kSZ effect of a single galaxy cluster is known to be

an order of magnitude lower than the tSZ effect and
emission from dusty star-forming galaxies, thus the direct
measurement of the single-cluster kSZ effect is challeng-
ing. However, the kSZ effect due to the relative movement
between the cluster pairs has been shown to be detect-
able [3,7,8]. The pairwise momentum estimator is defined
as [3,4]

p̂kSZðrÞ ¼ −
P

i<jðδTkSZ;i − δTkSZ;jÞcijP
i<jc

2
ij

; ð3Þ

in which i and j indicate a pair of clusters, and cij is the
weight factor which only depends on the geometry of the
pair

cij ¼
ðri − rjÞð1þ cos θÞ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2i þ r2j − 2rirj cos θ

q ; ð4Þ

with ri and rj being the comoving distance of the two
galaxies or clusters, and θ being the angular separation
between the two galaxies or clusters, i.e. cos θ ¼ r̂i · r̂j.
If the sample size is large enough any signal that is
independent of the comoving separation will be averaged
to zero, due to the differential estimation. However, the
infrared emission of the galaxies and the tSZ signal may
have small redshift-dependent variation, due to the cosmic
evolution of the cluster mass and temperature. The esti-
mator can not avoid the contamination of the redshift-
dependent signals. Therefore, Refs. [3,7,8] define the
following Gaussian weighted average temperature of the
sources as a function of redshift, so that by subtracting it
the redshift-dependent variation will be removed

T ðzÞ ¼
P

iTi exp ½−ðz − ziÞ2=σ2z &P
i exp ½−ðz − ziÞ2=σ2z &

; ð5Þ

where Ti is the temperature associated with the ith sample
and zi is the redshift center of the ith sample. The choice
of σz has no significant effect on the measurements [3,7,8].
In this work, we use σz ¼ 0.001. Then,

δTkSZ;i ¼ Ti − T ðziÞ: ð6Þ

In order to extract Ti, we apply the aperture photometry
(AP) filter to the CMB map. The main advantage of the AP

FIG. 1. The redshift histogram for each catalogue. The total
number of galaxies in each catalogue is shown in the legend. The
DR7 CGC catalogue that was used in Planck Collaboration et al.
[8] is also shown here as the black curve.

TABLE I. Summary of the catalogue information.

Catalogue
LowZ North

CGC
LowZ South

CGC
Group
DR13

Nsample 264 983 121 594 419 541
Soverlap [deg2] ∼5600 ∼2500 ∼6900
z [0.01, 0.50] [0.01, 0.50] [0.01, 0.20]
log10 (Mh=h−1M⊙) [10, 19] [10, 19] [11, 15]
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Compared to the standard LRG criteria used in SDSS-I/II,
the LowZ selection includes a bright magnitude cut,
which excludes a significant number of low-redshift
blue galaxies, but also excludes a fraction of bright galaxies
in low-redshift massive clusters [46]. Figure 11 shows the
redshift distribution of the lower halo mass, higher halo
mass and total LowZ North CGC subcatalogues. It is clear

that the distribution of high-mass halos is skewed towards
higher redshifts.
In order to check whether the pairwise kSZ signal is

dominated by the low-redshift samples, we split the LowZ
North CGC catalogue into two redshift subcatalogues
relative to the median redshift, zmedian ¼ 0.315. With the
same pairwise kSZ estimator we find that, with the lower-
redshift subcatalogue, the mean optical depth is τ̄ ¼
ð0.60# 0.43Þ × 10−4, and with the higher-redshift subca-
talogue it is τ̄ ¼ ð0.28# 0.58Þ × 10−4. The results for τ̄
using this redshift split follow a similar trend to the
measured τ̄ values for the LowZ North CGC lower and
higher halo mass splits.

VI. CONCLUSIONS

We presented the measurements of the pairwise kSZ
momentum using the Planck 2D-ILC CMBmap, which by
construction has completely projected out the tSZ signal,
and the Central Galaxy Catalogue (CGC) samples and
group catalogue from BOSS DR12 and DR13. The CGC is
constructed by selecting the isolated galaxies from the
LowZ North/South catalogue of BOSS DR12. The group
catalogue we used is based on the halo-based group finder
developed by [35] and recently updated with the SDSS
DR13 Northern Galactic Cap catalogue.
We used the pair-weighted pairwise kSZ estimator and

the AP filter to calculate the signal. The analysis was
mainly focused on constraining the mean optical depth τ̄.
We first explored the AP filter radius size dependence of
the measurements and find that the radius of 7 arcmin gives
the maximum detection for τ̄. The results for the three
catalogues are

τ̄ ¼ ð0.53# 0.32Þ × 10−4ð1.65σÞ LowZ North CGC;

τ̄ ¼ ð0.30# 0.57Þ × 10−4ð0.53σÞ LowZ South CGC;

τ̄ ¼ ð0.43# 0.28Þ × 10−4ð1.53σÞ DR13Group:

We showed that the measured values of τ̄ are roughly
consistent with the model values of τ̄ obtained using the
median values of the halo mass and redshift of each
catalogue.
Finally, we investigated the halo mass dependence by

splitting the group catalogue and LowZ North CGC into
higher and lower halo mass subcatalogues, according to
their median halo mass. The group catalogue has most of
the sources located in low-mass halos, and the maximum
halo mass for the lower-mass group subcatalogue is
approximately 1012h−1M⊙. We achieved a 1σ C.L. detec-
tion with such a low-mass catalogue. In comparison, the
galaxies in LowZ North CGC are mainly located in high-
mass halos, with a median value of 1014h−1M⊙. We
achieved a similar detection with the lower mass LowZ
North CGC subcatalogue, compared to the full catalogue,
but no detection with the higher mass LowZ North CGC

FIG. 11. The redshift distributions of the higher/lower halo
mass subcatalogues of LowZ North CGC.

FIG. 10. The measured kSZ pairwise momentum with different
halo mass bins. The catalogues are split into higher and lower
halo mass subcatalogues relative to the median value. The upper
panel shows the results of the DR13 Group catalogue with
median halo mass of 1012.24 h−1M⊙. The lower panel shows
the results of LowZ North CGC with median halo mass of
1014.14 h−1M⊙.
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median halo mass of 1012.24 h−1M⊙. The lower panel shows
the results of LowZ North CGC with median halo mass of
1014.14 h−1M⊙.
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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) e↵ect 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 h(�T/T )2i = (1.64 ± 0.48) ⇥ 10�11. However, comparison with analytic calculations and simulations suggest
that around 0.7� of this result is due to cluster lensing rather than the kSZ e↵ect. By correcting this, the temperature dispersion is measured
to be h(�T/T )2i= (1.35± 0.48) ⇥ 10�11, which gives a detection at the 2.8� 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 hv2i = (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

�1 Mpc. Our study shows the promise
of using cross-correlations of the kSZ e↵ect with large-scale structure in order to constrain the growth of structure.

Key words. cosmic background radiation – large-scale structure of Universe – galaxies: clusters: general – methods: data analysis

1. Introduction
The kinetic Sunyaev-Zeldovich (hereafter kSZ; Sunyaev &
Zeldovich 1972, 1980) e↵ect describes the temperature aniso-
tropy of the cosmic microwave background (CMB) radiation
due to inverse Compton scattering of CMB photons o↵ a mov-
ing cloud of electrons. The e↵ect can be written as

�T

T
(r̂) = ��T

c

Z
ne (u · r̂) dl, (1)

where �T is the Thomson cross-section, ne is the electron den-
sity, u · r̂ is the velocity along the line-of-sight, and dl is the
path length in the radial direction. By adopting a so-called
“pairwise momentum estimator,” i.e., using the weights that
quantify the di↵erence in temperature between pairs of galax-
ies, the e↵ect was first detected by Hand et al. (2012) using
? Corresponding author: Y.-Z. Ma, ma@ukzn.ac.za

CMB maps from the Atacama Cosmology Telescope (ACT).
The detection of the kSZ e↵ect has been further solidified using
the same pairwise momentum estimator with other CMB data,
including Wilkinson Microwave Anisotropy Probe (WMAP)
9-year W-band data, and Planck’s four foreground-cleaned maps
(Planck Collaboration Int. XXXVII 2016), and again more re-
cently using a Fourier space analysis (Sugiyama et al. 2018).
These measurements represent detections at the 2–3� level. In
addition, De Bernardis et al. (2017) applied the pairwise mo-
mentum estimator to the ACT data and 50 000 bright galaxies
from BOSS DR11 catalogue, and obtained 3.6–4.1� C.L. de-
tection. By using the same estimator to the South Pole Telescope
(SPT) data and Dark Energy Survey (DES) data, Soergel et al.
(2016) achieved the detection of kSZ signal 4.2� C.L. More
recently Li et al. (2018) detected the pairwise kSZ signal for
BOSS DR13 low mass group (Mh . 1012

h
�1

M�) by using the
2D-ILC map (see Sect. 2.1.2). Besides the pairwise momentum
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Using the Planck full-mission data, we present a detection of the temperature (and therefore velocity) dispersion due to the kinetic Sunyaev-
Zeldovich (kSZ) e↵ect 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 h(�T/T )2i = (1.64 ± 0.48) ⇥ 10�11. However, comparison with analytic calculations and simulations suggest
that around 0.7� of this result is due to cluster lensing rather than the kSZ e↵ect. By correcting this, the temperature dispersion is measured
to be h(�T/T )2i= (1.35± 0.48) ⇥ 10�11, which gives a detection at the 2.8� 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 hv2i = (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

�1 Mpc. Our study shows the promise
of using cross-correlations of the kSZ e↵ect with large-scale structure in order to constrain the growth of structure.
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1. Introduction
The kinetic Sunyaev-Zeldovich (hereafter kSZ; Sunyaev &
Zeldovich 1972, 1980) e↵ect describes the temperature aniso-
tropy of the cosmic microwave background (CMB) radiation
due to inverse Compton scattering of CMB photons o↵ a mov-
ing cloud of electrons. The e↵ect can be written as

�T

T
(r̂) = ��T

c

Z
ne (u · r̂) dl, (1)

where �T is the Thomson cross-section, ne is the electron den-
sity, u · r̂ is the velocity along the line-of-sight, and dl is the
path length in the radial direction. By adopting a so-called
“pairwise momentum estimator,” i.e., using the weights that
quantify the di↵erence in temperature between pairs of galax-
ies, the e↵ect was first detected by Hand et al. (2012) using
? Corresponding author: Y.-Z. Ma, ma@ukzn.ac.za

CMB maps from the Atacama Cosmology Telescope (ACT).
The detection of the kSZ e↵ect has been further solidified using
the same pairwise momentum estimator with other CMB data,
including Wilkinson Microwave Anisotropy Probe (WMAP)
9-year W-band data, and Planck’s four foreground-cleaned maps
(Planck Collaboration Int. XXXVII 2016), and again more re-
cently using a Fourier space analysis (Sugiyama et al. 2018).
These measurements represent detections at the 2–3� level. In
addition, De Bernardis et al. (2017) applied the pairwise mo-
mentum estimator to the ACT data and 50 000 bright galaxies
from BOSS DR11 catalogue, and obtained 3.6–4.1� C.L. de-
tection. By using the same estimator to the South Pole Telescope
(SPT) data and Dark Energy Survey (DES) data, Soergel et al.
(2016) achieved the detection of kSZ signal 4.2� C.L. More
recently Li et al. (2018) detected the pairwise kSZ signal for
BOSS DR13 low mass group (Mh . 1012

h
�1

M�) by using the
2D-ILC map (see Sect. 2.1.2). Besides the pairwise momentum
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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) +
∑

!m

a!mY!m(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

(
∑

!

2" + 1

4π
P!(r̂ · r̂j) B!

)

+
∑

!m

anoise
!m Y!m(r̂), (9)

where anoise
!m is the true CMB signal convolved with the

beam plus the detector noise, i.e., anoise
!m = B!aCMB

!m + n!m

(assuming that this is the only source of noise). The beam
function of Planck foreground-cleaned maps in "-space is
close to a Gaussian with θFWHM = 5 arcmin, i.e., B! =
exp(−"2σ2

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, C!, directly
estimated from the map by using the pseudo-C! 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 W!:

∆T̃ (r̂) = c
∑

j

Sj

(
∑

!

2" + 1

4π
P!(r̂ · r̂j) B! W!

)

+
∑

!m

anoise
!m W! Y!m(r̂), (10)

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

∆T̃c(r̂j) = cSj

[
∑

!

(
2" + 1

4π

)
B!W!

]
≡ (cSj)A, (11)

and we want to vary W! to minimize the ratio

σ2 = Var

(
∆T̃noise

A

)
=

∑
!

2!+1
4π Cnoise

! W 2
!(∑

!
2!+1

4π B! W!

)2 , (12)

where Cnoise
! ≡ B2

! CCMB
! + N!, and we take CCMB

! 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

∑

!

2" + 1

4π
Cnoise

! W 2
! − λ

(
∑

!

2" + 1

4π
B! W!

)2

. (13)

We then obtain

W! =
B!

B2
! CCMB

! + N!
=

B!

Cnoise
!

, (14)

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

! = W!/W ,
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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 =
∑!max

!=1 W!/"max. One can see that the filter
function W! gives lower weight in the primary CMB domain
while giving more weight in the cluster regime, " >∼ 2000.
We then convolve the five Planck foreground-cleaned maps
with this W! filter, noting that the noise power spectrum
N! 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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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

! = exp(−"2σ2
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

! = exp(−"2σ2
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. 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

! = exp(−"2σ2
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

! = exp(−"2σ2
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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Planck Collaboration: Velocity dispersion from the kSZ effect

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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Corrected for lensing contribution: 
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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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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
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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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• Most of the baryons are diffuse and warm-hot IGM with .T = 104 − 107 K

Summary

SZ data LSS tracers Results
thermal SZ weak lensing Gas extends out to       , with temperature for 

                               consistent with simulation 

thermal SZ luminous red 
galaxies

Gas associated with filament is detected at  
                                      —> 

kinetic SZ (reconstructed) 
velocity field

Maximum detection is reached at            
which is  

kinetic SZ X-ray selected 
clusters

The Universe is homogenous at 600 Mpc.

5rvir
M = 1012 − 1016M⊙

y = (1.31 ± 0.25) × 10−8 Tfilament ⩽ 107 K
θAP = 8 arcmin

∼ 3rvir

⟨(ΔT/T )2⟩ = (1.35 ± 0.48) × 10−11

• Our results suggest that missing baryon at low redshifts is not missing, but 
correlated with underlying LSS density field.
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Back to the general picture





We should find higher baryon fractions in filaments and voids, but the latter 
is extremely difficult to measure. But with LSST + CMB-S4 experiments, the sky 
coverage will be as large as 6000 , and very low CMB thermal noise and better 
angular resolution (~1 arcmin), which has a strong potential to disentangle the signal 
from filaments and voids.
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