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either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:
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3
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where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):
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where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
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where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:

�T

T
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(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
0

= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =

Z wH
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adw
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neTe, (7)

where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:

b⇡(z) =
b⇡(0)
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b
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where n̄e is the average electron number density today.
It is convenient to rewrite this as

W SZ = 0.00196 �T b
gas

✓
Te(0)

1 keV

◆⇣ n̄e

1 m�3

⌘
. (11)

2

either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:

W(w) =
3

2
⌦

0

✓
H

0

c

◆
2

g(w)
fK(w)

a
, (1)

where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =

Z wH

w

dw0pS(w
0)
fK(w0 � w)

fK(w0)
, (2)

where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):

(✓) =

Z wH

0

dwW(w)�m(fK(w)(✓), w), (3)

where �m(fK(w)(✓), w) is the 3-dimensional mass density
contrast. The power spectrum of the convergence map
C

l is obtained using the Limber approximation [3]:

C
l =

Z wH

0

dw


W(w)

fK(w)

�
2

Pmm

✓
l

fK(w)
, w

◆
, (4)

where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:

�T

T
0

= y S
SZ

(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
0

= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =

Z wH

0

adw
kB�T

mec2
neTe, (7)

where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:

b⇡(z) =
b⇡(0)

1 + z
=

b
gas

(0)

1 + z

kBTe(0)

mec2
(9)

The Sunyaev-Zeldovich kernel, WSZ , can be defined as

W SZ = n̄e�T
kBTe(0)

mec2
b
gas

(0), (10)

where n̄e is the average electron number density today.
It is convenient to rewrite this as

W SZ = 0.00196 �T b
gas

✓
Te(0)

1 keV

◆⇣ n̄e

1 m�3

⌘
. (11)

2

either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:

W(w) =
3

2
⌦

0

✓
H

0

c

◆
2

g(w)
fK(w)

a
, (1)

where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =

Z wH

w

dw0pS(w
0)
fK(w0 � w)

fK(w0)
, (2)

where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):

(✓) =

Z wH

0

dwW(w)�m(fK(w)(✓), w), (3)

where �m(fK(w)(✓), w) is the 3-dimensional mass density
contrast. The power spectrum of the convergence map
C

l is obtained using the Limber approximation [3]:

C
l =

Z wH

0

dw


W(w)

fK(w)

�
2

Pmm

✓
l

fK(w)
, w

◆
, (4)

where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:

�T

T
0

= y S
SZ

(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
0

= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =

Z wH

0

adw
kB�T

mec2
neTe, (7)

where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:

b⇡(z) =
b⇡(0)

1 + z
=

b
gas

(0)

1 + z

kBTe(0)

mec2
(9)

The Sunyaev-Zeldovich kernel, WSZ , can be defined as

W SZ = n̄e�T
kBTe(0)

mec2
b
gas

(0), (10)

where n̄e is the average electron number density today.
It is convenient to rewrite this as

W SZ = 0.00196 �T b
gas

✓
Te(0)

1 keV

◆⇣ n̄e

1 m�3

⌘
. (11)



•  In	
  Four	
  bands	
  :	
  
–  100,	
  	
  143,	
  217	
  &	
  353	
  (GHz)	
  

	
  
•  Four	
  linear	
  combina%on	
  of	
  maps	
  

•  Remove	
  :	
  
–  Primary	
  CMB	
  
–  Radio	
  emission	
  (ν	
  -­‐2.15	
  )	
  
–  CO	
  emission	
  
–  Thermal	
  emission	
  (νβ)	
  

	
  

5

FIG. 2: Maps of the Comptonization parameter, y, formed from linear combinations of the Planck HFI maps, shown on a
scale 0 < y < 1 ⇥ 10�4. The residual contamination from foreground signals, primarly thermal dust emission, varies widely
among the di↵erent maps, and would produce widely di↵erent results if it correlated with the lensing signal. In all cases, the
primary CMB fluctuations have been projected out by enforcing the condition

P
⌫ b⌫ = 0 (see text for details). In addition, the

maps shown here have: top-left - the SZ signal retained, but no other spectra projected out (Planck A from Table I). top-right
- both SZ signal and primary CMB projected out, but no other foreground spectra projected out (Planck E0). middle-left -
SZ signal retained, and dust projected out assuming �d = 1.8 (Planck D). middle-right - same as middle-left, but additionally
projecting out CO emission (Planck D’, see text for assumptions). lower-left - Same as middle-left but with �d = 1.4 (Planck
B). lower-right - same as middle-right, but with �d = 1.4 (Planck B0).

Planck	
  tSZ	
  maps	
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TABLE I: Band data for the Planck y maps

Map �d b100 b143 b217 b353 r2.0

A · · · �0.1707 �0.1148 0.0085 0.2770 44.42

B 1.4 �0.7089 �0.1372 0.9388 �0.0927 �1.99

B0a 1.4 �1.2749 0.7160 0.6374 �0.0768 �2.94

C 1.6 �0.6952 �0.1378 0.9169 �0.0839 �3.13

D 1.8 �0.6826 �0.1385 0.8969 �0.0758 �0.95

D0a 1.8 �1.2236 0.6750 0.6118 �0.0632 �0.89

E 2.0 �0.6710 �0.1393 0.8787 �0.0684 0.00

E0b 2.0 0.0113 0.0006 �0.0196 0.0078 1.00

G 1.0 �0.7389 �0.1364 0.9876 �0.1124 �5.67

Hc 1.6 0.6483 �2.1607 1.6287 �0.1163 �2.31

I · · · · · · �0.9656 0.9656 · · · 10.38

c⌫
d 1.288 1.657 3.003 13.012

SSZ(x) �1.506 �1.037 �0.001 2.253
aMaps B0 and D0 apply the same spectral conditions as maps

B and D, respectively, but they additionally project out CO line
emission as described in the text.
bMap E0 is the complement of map E: it projects out tSZ emission

while retaining a dust component with spectral index �d = 2.0,
normalized at 100 GHz.
cMap H applies the same conditions as map C, but additionally

projects out radio emission with spectrum �↵ = �2.15.
dThe conversion factor from antenna to thermodynamic temper-

ature.

form. Further, given the band coe�cients used in any
given estimate, we can predict the fractional foreground
residual as a function of the “true” spectral index, as
discussed below. We can thus place bounds on residual
foreground contamination by examining the dependence
of the SZ-lensing cross-correlation on the set of y esti-
mates we generate. In practice, we find a very weak
dependence, which will allow us to place useful bounds
on the level of contamination that correlates with the
lensing mass map.

We form a given tSZ map, yi, from a linear combina-
tion of band maps,

yi(p) =
X

⌫

bi⌫ T⌫(p)/T0

, (14)

where the sum is over frequency band, T⌫(p) is the map
at frequency ⌫ and sky pixel p, and the bi⌫ are the coef-
ficients of the ith estimate of a tSZ map, yi. The coe�-
cients for the various trial maps are given in Table I, and
several of the resulting maps are shown in Figure 2. In all
cases, these coe�cients satisfy the following constraints,
1)

P
⌫ b⌫SSZ

(⌫) = 1 to produce a map in units of the
Comptonization parameter y; 2)

P
⌫ b⌫ = 0, to null the

primary CMB fluctuations; 3)
P

⌫ b⌫ · c⌫(⌫/⌫0)�d = 0 to
null dust emission with spectral index �d in antenna tem-
perature units (the factor c⌫ given in Table I converts an-
tenna temperature to thermodynamic temperature), we
consider a range of �d values in our tests. Since we have
four band maps available, we also have the option of im-

posing a 4th spectral constraint. We use this freedom to
explore projecting out either radio emission or CO emis-
sion with an assumed set of line strength ratios.
The last column in Table I gives an indication of how

much dust signal might remain in a given tSZ map. The
quoted value is the factor by which a dust signal with
true index �d = 2.0 would be suppressed (or amplified)
relative to its 100 GHz amplitude, in the given tSZ map.
For example, in map B, a dust signal with �d = 2.0 would
survive with an amplitude of �2 times it 100 GHz ampli-
tude. If the cross-correlation we measure is dominated by
dust emission with �d = 2.0 then the signal should scale
like the numbers in this column. Similar results are read-
ily tabulated for other dust indices. We place bounds on
residual foreground contamination in the next section.
To carry out the cross-correlation, the convergence and

Comptonization parameter maps, (✓ij) and y(✓ij) are
pixelized on the same ✓ij grid. Note that the largest field,
W1, is less than 10 degrees on a side, therefore we can
use the flat-sky approximation when performing Fourier
analysis.

RESULTS

Figure 3 shows the real space cross-correlation function
⇠y(r) derived using Eq. 13, for a variety of tSZ maps.
The black circles show the cosmological signal and the red
squares show the corresponding signal when the B-mode
map is used for the mass map; the latter is consistent with
zero. The errors were computed from 100 mass map noise
reconstructions, where the galaxies have been randomly
rotated for each realization, leaving only the galaxy shape
noise. The left two panels in Figure 3 show ⇠y(r) using
the y maps A and I which contain the highest level of
galactic and extra-galactic dust contamination; the four
panels on the right show ⇠y(r) using the cleaned y maps
listed in Table I. Only cases C, E, G and H are shown
because they correspond to the most extreme cleaning
cases; the mass-tSZ cross-correlation using maps B, D
and F are very similar. In all cases, ⇠y(r) is relatively
insensitive to the particular choice of y map.
The signal amplitude variable between the di↵erent

cases are considerably less than the residual parameter
r
2.0 given in Table I. Even cases A and I, which show
a larger amplitude, are consistent statistically with the
other cases because the noise, caused by the uncleaned
foreground and CIB emission, is much larger in the for-
mer. The significance of the detection is computed as
follows:
The solid lines in Figure 3 show the best-fit model de-

rived from the average fit of the cross correlations with
the Planck B-H maps. The model ⇠model

y (r) is given by

Eq. 13 and ⇠datay (r) is the data vector. The only free
parameter in the model is the tSZ amplitude, W SZ, de-
termined by Eq.11; the cosmological parameters are set

Van Waerbeke, Hinshaw & Murray PRD (2013) 
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nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:
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where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =
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where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):

(✓) =
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where �m(fK(w)(✓), w) is the 3-dimensional mass density
contrast. The power spectrum of the convergence map
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l is obtained using the Limber approximation [3]:
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where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:
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(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
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= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =
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where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:
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The Sunyaev-Zeldovich kernel, WSZ , can be defined as
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where n̄e is the average electron number density today.
It is convenient to rewrite this as
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Figure 10. Similar to Figure 8, with the background map and contours mapping the projected matter reconstructed from gravitational
lensing mass. The open triangles show the position of the troughs in the mass map predicted from the galaxy distribution. The open
triangles unambiguously trace the underdense regions in the density mass map. The triangle size is proportional to the height of the
trough.

ical signal is recovered accurately despite the presence of
masks, the relatively high level of shape noise, and the non-
Poissonian spatial distribution of the background sources.
Mass reconstruction was performed and tested with the tra-
ditional KS93 algorithm (Kaiser & Squires 1993). The test-
ing of the full non-linear mass reconstruction at the same
level of precision is left for a future study.

The application to the CFHTLenS data shows for the
first time that windowed statistics of the convergence can be
measured on mass maps. We find excellent agreement be-
tween the second and third order moments measured on the
reconstructed mass maps and the predictions for a cosmo-
logical model determined from a shear correlation function
analysis of the same data (Benjamin et al. 2012; Heymans
et al. 2012a; Kilbinger et al. 2013; Simpson et al. 2013).

Our attempt at measuring higher order statistics shows a
marginal detection of the fourth order moment. For all the
moments of the convergence, the residual systematics are
found to be consistent with zero. In Section 4.4, we compared
the reconstructed convergence with the predicted conver-
gence using galaxies as tracers of dark matter haloes, where
a halo is assigned to each galaxy. We have shown that the
predicted and reconstructed mass maps are strongly corre-
lated with each other. The maps reveal the existence of large
voids in the projected dark matter distribution, which span
regions as large as 3� 4 degrees on the sky.

We consider this paper to be a feasibility study that
strongly suggests that future precision cosmology on mass
maps is possible. Cosmology with mass maps enables studies
that are currently not possible with only the shear (shape)

© 2012 RAS, MNRAS 000, 1–18



•  Canada	
  France	
  Hawaii	
  Telescope	
  Lensing	
  Survey	
  

•  154	
  sq.	
  deg.	
  in	
  Four	
  patches	
  
	
  

•  Mass	
  maps	
  

	
  

CFHTLenS	
  weak	
  lensing	
  maps	
  

Van Waerbeke, Hinshaw & Murray PRD (2013) 

3

Using the above simple bias model, the tSZ- angular
cross-power spectrum can then be written as [19]:

CSZ�
l =

Z wH

0

dw


W SZ(w)W(w)

f2

K(w)

�
Pmm

✓
l

fK(w)
, w

◆
.

(12)
The cross-correlation function in real space, ⇠y(r), is
given by the sum:

⇠y(r) =
1

4⇡

X

l

(2l + 1)CSZ�
l J

0

(lr)Wl(✓0)Wl(✓SZ),

(13)
where Wl(✓0) and Wl(✓SZ) are the smoothing window
functions of the lensing and tSZ maps, respectively.

THE  AND y MAPS

The gravitational lensing maps used in this study are
from the Canada France Hawaii Telescope Lensing Sur-
vey (CFHTLenS) [27]. They cover a total of 154 deg2 in
four compact regions, W1, W2, W3 and W4, correspond-
ing to an area on the sky of approximately 72, 36, 50 and
25 deg2 respectively [21]. The lensing signal measured in
the maps is consistent with the predictions for large-scale
structure in the LCDM cosmology, and they have been
tested against all known sources of residual systematics.
The mass maps can therefore be used without further
testing and we direct the reader to [27] for a thorough de-
scription of the mass reconstruction procedure, the test-
ing, and the cosmological analysis of the maps. For the
purpose of our study the lensing map  is smoothed with
a Gaussian window of width ✓

0

= 6 arcmin. As a san-
ity check, we also generate a lensing map in which all
source galaxies have been rotated by 45 degrees. The
cosmological lensing signal in these maps is suppressed
by the rotation; these maps are called the B-mode maps.
Figure 1 shows the source redshift distribution (dashed
line) used for the mass reconstruction. The lensing sig-
nal, and the resulting mass reconstruction, is most sensi-
tive in the redshift range approximately half way between
the sources and the observer. The solid line in Figure 1
shows the lens redshift sensitivity characterized by the ra-
tio W(w)/fK(w) in Eq. 4. Since the tSZ signal strength
is independent of redshift, cross-correlation of the lens-
ing mass map with the tSZ map will roughly track this
redshift distribution.

For the tSZ signal, multiple full-sky maps of the
Comptonization parameter, y, were constructed from the
Planck data by forming linear combinations of the four
lowest-frequency band HFI maps: 100 GHz, 143 GHz,
217 GHz, and 353 GHz. The band coe�cients are cho-
sen to project out contaminating signals, as described
below. The band maps used at each frequency were the
nominal 15-month combined-survey maps in thermody-
namic CMB temperature units, smoothed to a gaussian
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FIG. 1: The dashed line shows the redshift distribution of
the sources used in the mass reconstruction in the lensing
map (✓). The solid line shows the e�ciency of the lenses
integrated over this source distribution; it peaks at a redshift
of z ⇠ 0.37. The  map is dominated by lenses located in the
z = [0, 0.5] redshift range.

FWHM beam resolution of 9.5 arcmin. The dominant
emission components in this frequency range are

1. Primary CMB fluctuations, with a constant fre-
quency spectrum in thermodynamic units.

2. Thermal Sunyaev-Zeldovich fluctuations, with fre-
quency dependence �T

SZ

(⌫)/T
0

= y S
SZ

(x), where
T
0

= 2.725 K is the monopole temperature, y is the
Comptonization parameter along the line-of-sight,
and S

SZ

(x) = x coth(x/2)� 4, with x ⌘ h⌫/kBT0

.

3. Radio emission from the interstellar medium; the
dominant spectral component above 100 GHz is
free-free emission from classical H II regions and the
warm ionized medium, with a frequency spectrum
TA
↵

(⌫) / ⌫�2.15 in antenna temperature units.

4. Line emission from interstellar CO molecules,
which emit in the 100, 217, and 353 GHz bands;
we discuss line strength ratios below.

5. Thermal emission from interstellar dust grains and
from dusty external galaxies (including the Cosmic
Infrared Background, CIB), with a frequency spec-
trum TA

d

(⌫) / ⌫�d , where �
d

⇠ 1.8 in antenna
temperature units.

The spectra of the CO and dust emission vary from
pixel to pixel in the map, and span a range of spectra
in the vicinity of the nominal spectra described above,
so the y maps we construct will inevitably have resid-
ual contamination from unprojected signal components.
However, by construction, the level of residual contam-
ination varies widely among the di↵erent estimates we
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either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:

W(w) =
3

2
⌦
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✓
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0

c

◆
2

g(w)
fK(w)

a
, (1)

where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =

Z wH

w

dw0pS(w
0)
fK(w0 � w)

fK(w0)
, (2)

where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):

(✓) =

Z wH

0

dwW(w)�m(fK(w)(✓), w), (3)

where �m(fK(w)(✓), w) is the 3-dimensional mass density
contrast. The power spectrum of the convergence map
C

l is obtained using the Limber approximation [3]:
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
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✓
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fK(w)
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where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:

�T

T
0

= y S
SZ

(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
0

= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =

Z wH

0

adw
kB�T

mec2
neTe, (7)

where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:

b⇡(z) =
b⇡(0)

1 + z
=

b
gas

(0)

1 + z

kBTe(0)

mec2
(9)

The Sunyaev-Zeldovich kernel, WSZ , can be defined as

W SZ = n̄e�T
kBTe(0)

mec2
b
gas

(0), (10)

where n̄e is the average electron number density today.
It is convenient to rewrite this as

W SZ = 0.00196 �T b
gas

✓
Te(0)

1 keV

◆⇣ n̄e

1 m�3

⌘
. (11)
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either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:
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where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =

Z wH

w

dw0pS(w
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fK(w0 � w)

fK(w0)
, (2)

where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):

(✓) =

Z wH
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dwW(w)�m(fK(w)(✓), w), (3)

where �m(fK(w)(✓), w) is the 3-dimensional mass density
contrast. The power spectrum of the convergence map
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l is obtained using the Limber approximation [3]:
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where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:

�T
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= y S
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(x), (6)

where S
SZ

(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
T
0

= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:

y(✓) =

Z wH
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mec2
neTe, (7)

where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas

(z)�
mm

with b
gas

(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:

b⇡(z) =
b⇡(0)

1 + z
=
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gas
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1 + z

kBTe(0)

mec2
(9)

The Sunyaev-Zeldovich kernel, WSZ , can be defined as
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where n̄e is the average electron number density today.
It is convenient to rewrite this as

W SZ = 0.00196 �T b
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either the modeling of the intra-cluster medium and/or
the selection of optical clusters is not understood well
enough.

These inconclusive results show that the interpretation
of the cross-correlation between tSZ and large scale struc-
tures necessitates an unbiased tracer of large scale struc-
ture mass. Gravitational lensing provides an unbiased
tracer of the projected mass, independent of its dynami-
cal and physical state. Cross-correlating tSZ and gravita-
tional lensing data was proposed in [19, 20], but suitable
data sets of each component have only recently become
available. In this paper we present a cross-correlation
analysis between a new Planck tSZ map and the Canada
France Hawaii Telescope Lensing Survey (CFHTLenS)
mass map [21] and investigate the implications for warm
baryons.

FORMALISM

The formalism for correlating the gravitational lensing
and tSZ signals are introduced here. For the lensing sig-
nal it is useful to define the kernelW(w), which contains
the geometrical factor that all lensing quantities depend
on. It is given by:
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where w(z) is the comoving radial distance at redshift z,
fK(w) is the corresponding angular diameter distance,
a = 1/(1 + z) the scale factor, and g(w) is a function
which depends on the redshift distribution of the sources
pS(w):

g(w) =
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where wH is the distance to the horizon. The projected
mass density along a line-of-sight specified by position
angle ✓ on the sky is characterized by the convergence
(✓):
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where Pmm(k) is the power spectrum of the 3-
dimensional mass density �m defined in the usual way:

h�̃(k)�̃?(k0)i = (2⇡)3�K(k� k0)Pmm(k). (5)

The tSZ e↵ect is produced by inverse Compton scat-
tering of Cosmic Microwave Background (CMB) photons
by hot relativistic electrons. At frequency ⌫, the tSZ-
induced temperature change, �T , along the line-of-sight
is characterized by the tSZ Compton parameter y:
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where S
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(x) = x coth(x/2) � 4 is the tSZ spectral de-
pendence, given in terms of x = h⌫/kBT0

. Here h is
the Planck constant, kB is the Boltzmann constant, and
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= 2.725 K is the CMB temperature [22]. The Comp-
tonization parameter y is given by the line-of-sight inte-
gral of the electron pressure:
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where �T is the Thomson cross-section, and ne and Te

are the electron number density and temperature respec-
tively.
In this paper we adopt a simple constant bias model

where the gas density is proportional to the mass den-
sity with a proportionality factor that depends only on
redshift. Following [23] the gas mass density is given
by �

gas

= b
gas
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mm

with b
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(z) / (1 + z)�1 and �mm

being the mass density contrast. In this model, gas tem-
perature fluctuations are ignored and the average tem-
perature is proportional to (1 + z)�1. It follows that the
pressure and matter power spectra, P⇡⇡ and P

mm

, and
their cross-spectrum, P⇡m, are simply related via a pres-
sure bias b⇡:

P⇡⇡(k) = b2⇡Pmm(k)

P⇡m(k) = b⇡Pmm(k). (8)

Hydrodynamic numerical simulations [24–26] suggest
that a constant bias b⇡ is an acceptable approxima-
tion down to k ⇠ 3 hMpc�1, approximately scaling as
(1 + z)�1 [23, 24]. This model is su�ciently accurate for
interpreting the initial detection presented below; a more
sophisticated approach, based on the halo model, is de-
ferred to future work. Since our study is only sensitive
to scales larger than a typical cluster of galaxies, we will
ignore k dependence in the bias and treat b⇡ as a free
parameter proportional to the scale factor a [23]. Given
these assumptions, the pressure bias can be written as:
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FIG. 3: The filled black circles show the cross-correlation ⇠y(r) between the gravitational lensing and the Sunyaev-Zeldovich
maps. The bottom x-axis indicates the y- pixels angular separation in arcminutes and the top x-axis corresponds to the
physical scale seen at the average redshift of the lenses. The filled red squares show the cross-correlation between SZ and the
lensing B-mode. Planck A and I in the left two panels correspond to SZ maps with the largest foreground contamination (see
Table I). The four panels on the right (Planck C, E, G, H) correspond to the most extreme foreground cleaning parameters that
we have considered (see Table I). In all panels, the solid thick black line corresponds to the predicted ⇠y(r) using WMAP7
cosmology and the source redshift distribution as shown in Figure 1, with an overall amplitude fit to the cases Planck B-H, as
described in the text.
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to the WMAP7 values with a cold dark matter power
spectrum [28]. The non-linear clustering is computed as
per [29]. The likelihood function used for the fitting is
given by:

�2 = �2 ln(L) =
�
⇠dy � ⇠my

�
C�1

�
⇠dy � ⇠my

�
, (15)

where the covariance matrix C is computed from the 100
noise realizations and thus only includes a contribution
from statistical noise. For comparison, a noise covariance
matrix was also derived from the data, but with only 4
independent lensing fields, the variance estimate was not
reliable, especially at the largest angular scale. In partic-
ular, we found that the r.m.s among the four fields was
roughly twice the statistical error on scales larger than 40
arcmin, ⇠50% smaller for intermediate scales, and com-
parable for scales below 15 arcmin. We conclude that the
error from the r.m.s. between the four fields is not reli-
able and use the statistical errors estimated from the 100
noise reconstructions instead. We note that the cross-
correlation derived from the B-mode map is statistically
consistent with zero using this error estimate.

The model amplitude, W SZ, is fit to the cross-
correlations B-H listed in Table I. The average amplitude
is calculated from the 7 cases and the quoted r.m.s. is
the average of the individual r.m.s. values for each case.
We also quote a systematic error as the r.m.s. of the am-
plitude fitted for each case. The resulting constraint on
the model amplitude is:
✓
b
gas

1

◆✓
Te(0)

0.1 keV

◆⇣ n̄e

1 m�3

⌘
= 2.01±0.31±0.21, (16)

where the first error is statistical and the second is sys-
tematic. Based on CMB and nucleosynthesis constraints,
the total baryonic number density in the Universe is ⇠5%
of the the critical density, or n

b

⇠ 0.5 m�3. The gas bias
on these scales is not well known, but numerical sim-
ulations suggest a value in the range of 4 � 9 [25, 26].
Taking b

gas

= 6 and n̄e = 0.25 m�3 we find Te ⇠ 0.13
keV ⇠ 106 K. Note that, with our b

gas

= 6 assumption,
if we take n̄e six times larger, we find Te ⇠ 1.5⇥ 105 K.
Thus, if the signal we detect was all due to intercluster
baryons in a warm plasma, it could account for all the
missing baryons in the 105 � 107 K temperature range.
Confirming this will require more precise measurements
and a proper halo model which includes a di↵use bary-
onic component. While the three parameters, gas bias,
temperature, and electron density are degenerate in our
treatment, a more physically valid description of gas fluc-
tuations would not allow one to increase n̄e without also
increasing Te(0) and b

gas

, which would inevitably change
the constraints on these parameters. In future studies
we will explore more realistic models beyond the con-
stant bias case, which will help break the degeneracy
between these parameters. We note that gravitational
lensing of the tSZ signal itself by foreground structures

FIG. 4: The top panel shows ⇠y(r) when CO line emission is
projected out in addition to a dust spectrum (see the text and
Table I for details). The solid line is the same model as the
one shown in Figure 3. The bottom panel shows ⇠y(r) when
the tSZ signal is explicitly nulled in the y map while a nominal
100 GHz dust signal is retained. The dust contamination in
map E0 should be comparable to the cases shown in the right
panels of Figure 3.

could potentially contaminate our signal. However, lens-
ing itself cannot generate a correlation between tSZ and
 if these two quantities are not physically correlated in
the first place. This is because the gravitational lensing
of a di↵use background does not add or suppress power,
it only rearranges the power in l-bins. Using a line-of-
sight approach similar to [30], the contamination of the
tSZ signal was predicted by [31] to be very small: < 3%
at the arcminute scale, and much less at larger angular
scales.

Figure 4 shows two important additional null tests,
which confirm that our signal is not significantly con-
taminated by residual foregrounds. The top panel shows
⇠y(r) when CO emission is projected out, in addition to
a dust component. We assume a CO brightness ratio of
2:1 in the 217 and 100 GHz emission maps respectively
(which encompass the J = 2-1 and J=1-0 transitions), in
units of thermodynamic brightness temperature. This is
a typical ratio found in the outer galactic plane, which
should be indicative of the range in our high-latitude lens-
ing fields. (The case shown in Figure 4 also assumes a
dust spectrum �d = 1.4, but the cross-correlation results
with CO projection are similarly insensitive to the pro-
jected dust index.) The bottom panel of Figure 4 shows
the cross-correlation with a map in which the tSZ signal is
nulled but a dust signal – scaled to a 100 GHz brightness
temperature assuming �d = 2.0 – is preserved (Planck
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to the WMAP7 values with a cold dark matter power
spectrum [28]. The non-linear clustering is computed as
per [29]. The likelihood function used for the fitting is
given by:
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where the covariance matrix C is computed from the 100
noise realizations and thus only includes a contribution
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matrix was also derived from the data, but with only 4
independent lensing fields, the variance estimate was not
reliable, especially at the largest angular scale. In partic-
ular, we found that the r.m.s among the four fields was
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arcmin, ⇠50% smaller for intermediate scales, and com-
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error from the r.m.s. between the four fields is not reli-
able and use the statistical errors estimated from the 100
noise reconstructions instead. We note that the cross-
correlation derived from the B-mode map is statistically
consistent with zero using this error estimate.

The model amplitude, W SZ, is fit to the cross-
correlations B-H listed in Table I. The average amplitude
is calculated from the 7 cases and the quoted r.m.s. is
the average of the individual r.m.s. values for each case.
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tematic. Based on CMB and nucleosynthesis constraints,
the total baryonic number density in the Universe is ⇠5%
of the the critical density, or n
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⇠ 0.5 m�3. The gas bias
on these scales is not well known, but numerical sim-
ulations suggest a value in the range of 4 � 9 [25, 26].
Taking b
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= 6 and n̄e = 0.25 m�3 we find Te ⇠ 0.13
keV ⇠ 106 K. Note that, with our b
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= 6 assumption,
if we take n̄e six times larger, we find Te ⇠ 1.5⇥ 105 K.
Thus, if the signal we detect was all due to intercluster
baryons in a warm plasma, it could account for all the
missing baryons in the 105 � 107 K temperature range.
Confirming this will require more precise measurements
and a proper halo model which includes a di↵use bary-
onic component. While the three parameters, gas bias,
temperature, and electron density are degenerate in our
treatment, a more physically valid description of gas fluc-
tuations would not allow one to increase n̄e without also
increasing Te(0) and b
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we will explore more realistic models beyond the con-
stant bias case, which will help break the degeneracy
between these parameters. We note that gravitational
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FIG. 4: The top panel shows ⇠y(r) when CO line emission is
projected out in addition to a dust spectrum (see the text and
Table I for details). The solid line is the same model as the
one shown in Figure 3. The bottom panel shows ⇠y(r) when
the tSZ signal is explicitly nulled in the y map while a nominal
100 GHz dust signal is retained. The dust contamination in
map E0 should be comparable to the cases shown in the right
panels of Figure 3.

could potentially contaminate our signal. However, lens-
ing itself cannot generate a correlation between tSZ and
 if these two quantities are not physically correlated in
the first place. This is because the gravitational lensing
of a di↵use background does not add or suppress power,
it only rearranges the power in l-bins. Using a line-of-
sight approach similar to [30], the contamination of the
tSZ signal was predicted by [31] to be very small: < 3%
at the arcminute scale, and much less at larger angular
scales.

Figure 4 shows two important additional null tests,
which confirm that our signal is not significantly con-
taminated by residual foregrounds. The top panel shows
⇠y(r) when CO emission is projected out, in addition to
a dust component. We assume a CO brightness ratio of
2:1 in the 217 and 100 GHz emission maps respectively
(which encompass the J = 2-1 and J=1-0 transitions), in
units of thermodynamic brightness temperature. This is
a typical ratio found in the outer galactic plane, which
should be indicative of the range in our high-latitude lens-
ing fields. (The case shown in Figure 4 also assumes a
dust spectrum �d = 1.4, but the cross-correlation results
with CO projection are similarly insensitive to the pro-
jected dust index.) The bottom panel of Figure 4 shows
the cross-correlation with a map in which the tSZ signal is
nulled but a dust signal – scaled to a 100 GHz brightness
temperature assuming �d = 2.0 – is preserved (Planck
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could potentially contaminate our signal. However, lens-
ing itself cannot generate a correlation between tSZ and
 if these two quantities are not physically correlated in
the first place. This is because the gravitational lensing
of a di↵use background does not add or suppress power,
it only rearranges the power in l-bins. Using a line-of-
sight approach similar to [30], the contamination of the
tSZ signal was predicted by [31] to be very small: < 3%
at the arcminute scale, and much less at larger angular
scales.

Figure 4 shows two important additional null tests,
which confirm that our signal is not significantly con-
taminated by residual foregrounds. The top panel shows
⇠y(r) when CO emission is projected out, in addition to
a dust component. We assume a CO brightness ratio of
2:1 in the 217 and 100 GHz emission maps respectively
(which encompass the J = 2-1 and J=1-0 transitions), in
units of thermodynamic brightness temperature. This is
a typical ratio found in the outer galactic plane, which
should be indicative of the range in our high-latitude lens-
ing fields. (The case shown in Figure 4 also assumes a
dust spectrum �d = 1.4, but the cross-correlation results
with CO projection are similarly insensitive to the pro-
jected dust index.) The bottom panel of Figure 4 shows
the cross-correlation with a map in which the tSZ signal is
nulled but a dust signal – scaled to a 100 GHz brightness
temperature assuming �d = 2.0 – is preserved (Planck
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where the covariance matrix C is computed from the 100
noise realizations and thus only includes a contribution
from statistical noise. For comparison, a noise covariance
matrix was also derived from the data, but with only 4
independent lensing fields, the variance estimate was not
reliable, especially at the largest angular scale. In partic-
ular, we found that the r.m.s among the four fields was
roughly twice the statistical error on scales larger than 40
arcmin, ⇠50% smaller for intermediate scales, and com-
parable for scales below 15 arcmin. We conclude that the
error from the r.m.s. between the four fields is not reli-
able and use the statistical errors estimated from the 100
noise reconstructions instead. We note that the cross-
correlation derived from the B-mode map is statistically
consistent with zero using this error estimate.

The model amplitude, W SZ, is fit to the cross-
correlations B-H listed in Table I. The average amplitude
is calculated from the 7 cases and the quoted r.m.s. is
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where the first error is statistical and the second is sys-
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the total baryonic number density in the Universe is ⇠5%
of the the critical density, or n
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⇠ 0.5 m�3. The gas bias
on these scales is not well known, but numerical sim-
ulations suggest a value in the range of 4 � 9 [25, 26].
Taking b
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= 6 and n̄e = 0.25 m�3 we find Te ⇠ 0.13
keV ⇠ 106 K. Note that, with our b
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= 6 assumption,
if we take n̄e six times larger, we find Te ⇠ 1.5⇥ 105 K.
Thus, if the signal we detect was all due to intercluster
baryons in a warm plasma, it could account for all the
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Confirming this will require more precise measurements
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onic component. While the three parameters, gas bias,
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tuations would not allow one to increase n̄e without also
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FIG. 4: Joint constraints of the coe�cients of 1� and 2�halo
terms (↵,� in Eq. (6)). Coloured contours are 68.3%, 95.4%
and 99.7% CL for the B,C,D,E,F,G,H maps using the isother-
mal �-model. The (↵,�) = (1, 1) are shown as a purple cross.
The (↵,�) = (0, 0) (null signal), (1, 0) (no 2-halo), and (0, 1)
(no 1-halo) cases are marked as black dots in each panel.

two terms, Cy
` = Cy,1h

` +Cy,2h
` , where 1h and 2h refer

to the one and two halo terms, respectively. The 1 halo
term – the Possionian contribution – is given by
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where dV/(dzd⌦) = c�2/H(z) is the co-moving volume
per unit redshift and solid angle, with �(z) the co-moving
distance to redshift z. The quantity dn/dM is the halo
mass function, taken here to be the Sheth-Tormen func-
tion [9]. The multipole functions y` and ` are related to
the halo gas and mass profiles, respectively, as described
below.

`(M, z) is the Fourier transform of the convergence
profile of a single halo of mass M and redshift z,
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where ⇢̄
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is the co-moving matter density; ⇢(r;M, z)
is the dark matter halo profile, taken here to be the
Navarro-Frenk-White (NFW) profile [10]; and W is the
lensing kernel, which is given in eq. 1 and plotted in fig. 1
of [7]. For the CFHTLenS data, the kernel peaks at
z ' 0.37, thus in eq. 2 it is reasonable to take z

max

= 3.0,
and to integrate over the mass range 1012 � 1016 M�.

y`(M, z) in Eq. 2 is the 2-d Fourier transform of the
projected gas pressure profile of a single halo of mass M
and redshift z [11, 12],
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the 3-dimensional pressure profile, and P
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is the electron
pressure.
The expression for the two-halo term is given by:
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where P lin

m

(k, z) is the 3-d linear matter power spectrum
at redshift z; which we obtained from the code camb
[13] with the best-fit parameters from Planck [8]. Here
b(M, z) is the gravitational clustering bias function given
by Mo & White (2002) (eq. (19) in Ref. [14]). Fig. 1a
shows C�y

` for the three di↵erent gas models we con-
sidered in this study, namely, the Komatsu-Seljak (KS)
pressure profile (equations. (7)–(21) in Ref. [16]), the
universal pressure (UP) profile (equations. (11)–(13) in
Ref. [15]) and the isothermal �-model (equations. (3)–
(12) in Ref. [17], or eqs. (14)–(15) in Ref. [18]). The red
solid line also shows the best-fitting simple bias model
obtained in [7]. One can see that the amplitudes of the
KS and UP profiles are much higher than the � model,
the latter being relatively consistent with the simple bias
model.
Constraining the baryon component– In order to com-

pare the halo model to the cross-correlation function
⇠�y(✓), we transform C�y

` into real space by using
the Legendre-transformation as shown in eq. (13) in [7].
Fig. 1b shows the three di↵erent gas halo models, the
simple bias model, and the cross-correlation data points
⇠�y(✓) where the y� map corresponds to the Planck B
case from [7]. The error bars are obtained from 100 noise
realisations, as explained in [7]. Fig. 1b shows that the
KS and UP models indeed predict too much power at
small scale, while the isothermal �-model is consistent
with the data for all scales. It is important to empha-
size that, once the cosmological parameters are fixed, a
given gas model amplitude and profile is also fixed and
cannot be adjusted. In Fig. 1b, we can see that ⇠�y(✓)
predicted by the UP profiles for scales larger than ✓ & 20
arcmin is consistent with the data and the �� model, but
it is not consistent at smaller angular scales. This result
suggests that a gas profile can predict a correct halo-halo
correlation function while its internal gas profile is ruled
out by the data in the one halo scales, which shows the
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line) [16], and isothermal �-profile (purple solid line) [17] are shown. The red solid line in panel (a) corresponds to the simple
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For this analysis, we use the cross-correlation data
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used are obtained from a linear combination of the four
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y maps were produced to test for contamination from
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but the halo model is constructed in Fourier space. In
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to the WMAP7 values with a cold dark matter power
spectrum [28]. The non-linear clustering is computed as
per [29]. The likelihood function used for the fitting is
given by:

�2 = �2 ln(L) =
�
⇠dy � ⇠my

�
C�1

�
⇠dy � ⇠my

�
, (15)

where the covariance matrix C is computed from the 100
noise realizations and thus only includes a contribution
from statistical noise. For comparison, a noise covariance
matrix was also derived from the data, but with only 4
independent lensing fields, the variance estimate was not
reliable, especially at the largest angular scale. In partic-
ular, we found that the r.m.s among the four fields was
roughly twice the statistical error on scales larger than 40
arcmin, ⇠50% smaller for intermediate scales, and com-
parable for scales below 15 arcmin. We conclude that the
error from the r.m.s. between the four fields is not reli-
able and use the statistical errors estimated from the 100
noise reconstructions instead. We note that the cross-
correlation derived from the B-mode map is statistically
consistent with zero using this error estimate.

The model amplitude, W SZ, is fit to the cross-
correlations B-H listed in Table I. The average amplitude
is calculated from the 7 cases and the quoted r.m.s. is
the average of the individual r.m.s. values for each case.
We also quote a systematic error as the r.m.s. of the am-
plitude fitted for each case. The resulting constraint on
the model amplitude is:
✓
b
gas

1

◆✓
Te(0)

0.1 keV

◆⇣ n̄e

1 m�3

⌘
= 2.01±0.31±0.21, (16)

where the first error is statistical and the second is sys-
tematic. Based on CMB and nucleosynthesis constraints,
the total baryonic number density in the Universe is ⇠5%
of the the critical density, or n

b

⇠ 0.5 m�3. The gas bias
on these scales is not well known, but numerical sim-
ulations suggest a value in the range of 4 � 9 [25, 26].
Taking b

gas

= 6 and n̄e = 0.25 m�3 we find Te ⇠ 0.13
keV ⇠ 106 K. Note that, with our b

gas

= 6 assumption,
if we take n̄e six times larger, we find Te ⇠ 1.5⇥ 105 K.
Thus, if the signal we detect was all due to intercluster
baryons in a warm plasma, it could account for all the
missing baryons in the 105 � 107 K temperature range.
Confirming this will require more precise measurements
and a proper halo model which includes a di↵use bary-
onic component. While the three parameters, gas bias,
temperature, and electron density are degenerate in our
treatment, a more physically valid description of gas fluc-
tuations would not allow one to increase n̄e without also
increasing Te(0) and b

gas

, which would inevitably change
the constraints on these parameters. In future studies
we will explore more realistic models beyond the con-
stant bias case, which will help break the degeneracy
between these parameters. We note that gravitational
lensing of the tSZ signal itself by foreground structures

FIG. 4: The top panel shows ⇠y(r) when CO line emission is
projected out in addition to a dust spectrum (see the text and
Table I for details). The solid line is the same model as the
one shown in Figure 3. The bottom panel shows ⇠y(r) when
the tSZ signal is explicitly nulled in the y map while a nominal
100 GHz dust signal is retained. The dust contamination in
map E0 should be comparable to the cases shown in the right
panels of Figure 3.

could potentially contaminate our signal. However, lens-
ing itself cannot generate a correlation between tSZ and
 if these two quantities are not physically correlated in
the first place. This is because the gravitational lensing
of a di↵use background does not add or suppress power,
it only rearranges the power in l-bins. Using a line-of-
sight approach similar to [30], the contamination of the
tSZ signal was predicted by [31] to be very small: < 3%
at the arcminute scale, and much less at larger angular
scales.

Figure 4 shows two important additional null tests,
which confirm that our signal is not significantly con-
taminated by residual foregrounds. The top panel shows
⇠y(r) when CO emission is projected out, in addition to
a dust component. We assume a CO brightness ratio of
2:1 in the 217 and 100 GHz emission maps respectively
(which encompass the J = 2-1 and J=1-0 transitions), in
units of thermodynamic brightness temperature. This is
a typical ratio found in the outer galactic plane, which
should be indicative of the range in our high-latitude lens-
ing fields. (The case shown in Figure 4 also assumes a
dust spectrum �d = 1.4, but the cross-correlation results
with CO projection are similarly insensitive to the pro-
jected dust index.) The bottom panel of Figure 4 shows
the cross-correlation with a map in which the tSZ signal is
nulled but a dust signal – scaled to a 100 GHz brightness
temperature assuming �d = 2.0 – is preserved (Planck
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arcmin, ⇠50% smaller for intermediate scales, and com-
parable for scales below 15 arcmin. We conclude that the
error from the r.m.s. between the four fields is not reli-
able and use the statistical errors estimated from the 100
noise reconstructions instead. We note that the cross-
correlation derived from the B-mode map is statistically
consistent with zero using this error estimate.

The model amplitude, W SZ, is fit to the cross-
correlations B-H listed in Table I. The average amplitude
is calculated from the 7 cases and the quoted r.m.s. is
the average of the individual r.m.s. values for each case.
We also quote a systematic error as the r.m.s. of the am-
plitude fitted for each case. The resulting constraint on
the model amplitude is:
✓
b
gas

1
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Te(0)

0.1 keV

◆⇣ n̄e

1 m�3

⌘
= 2.01±0.31±0.21, (16)

where the first error is statistical and the second is sys-
tematic. Based on CMB and nucleosynthesis constraints,
the total baryonic number density in the Universe is ⇠5%
of the the critical density, or n

b

⇠ 0.5 m�3. The gas bias
on these scales is not well known, but numerical sim-
ulations suggest a value in the range of 4 � 9 [25, 26].
Taking b

gas

= 6 and n̄e = 0.25 m�3 we find Te ⇠ 0.13
keV ⇠ 106 K. Note that, with our b

gas

= 6 assumption,
if we take n̄e six times larger, we find Te ⇠ 1.5⇥ 105 K.
Thus, if the signal we detect was all due to intercluster
baryons in a warm plasma, it could account for all the
missing baryons in the 105 � 107 K temperature range.
Confirming this will require more precise measurements
and a proper halo model which includes a di↵use bary-
onic component. While the three parameters, gas bias,
temperature, and electron density are degenerate in our
treatment, a more physically valid description of gas fluc-
tuations would not allow one to increase n̄e without also
increasing Te(0) and b

gas

, which would inevitably change
the constraints on these parameters. In future studies
we will explore more realistic models beyond the con-
stant bias case, which will help break the degeneracy
between these parameters. We note that gravitational
lensing of the tSZ signal itself by foreground structures

FIG. 4: The top panel shows ⇠y(r) when CO line emission is
projected out in addition to a dust spectrum (see the text and
Table I for details). The solid line is the same model as the
one shown in Figure 3. The bottom panel shows ⇠y(r) when
the tSZ signal is explicitly nulled in the y map while a nominal
100 GHz dust signal is retained. The dust contamination in
map E0 should be comparable to the cases shown in the right
panels of Figure 3.

could potentially contaminate our signal. However, lens-
ing itself cannot generate a correlation between tSZ and
 if these two quantities are not physically correlated in
the first place. This is because the gravitational lensing
of a di↵use background does not add or suppress power,
it only rearranges the power in l-bins. Using a line-of-
sight approach similar to [30], the contamination of the
tSZ signal was predicted by [31] to be very small: < 3%
at the arcminute scale, and much less at larger angular
scales.

Figure 4 shows two important additional null tests,
which confirm that our signal is not significantly con-
taminated by residual foregrounds. The top panel shows
⇠y(r) when CO emission is projected out, in addition to
a dust component. We assume a CO brightness ratio of
2:1 in the 217 and 100 GHz emission maps respectively
(which encompass the J = 2-1 and J=1-0 transitions), in
units of thermodynamic brightness temperature. This is
a typical ratio found in the outer galactic plane, which
should be indicative of the range in our high-latitude lens-
ing fields. (The case shown in Figure 4 also assumes a
dust spectrum �d = 1.4, but the cross-correlation results
with CO projection are similarly insensitive to the pro-
jected dust index.) The bottom panel of Figure 4 shows
the cross-correlation with a map in which the tSZ signal is
nulled but a dust signal – scaled to a 100 GHz brightness
temperature assuming �d = 2.0 – is preserved (Planck
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