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The thermal Sunyaev-Zel’dovich (tSZ) Effect  
(Sunyaev & Zel’dovich 1972)

• Cosmic microwave 
background (CMB) photons 
are inverse Compton 
scattered by energetic 
electrons in ICM 

• Characterized by the 
Compton-y parameter
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The ΛCDM fits!
Po

w
er
 S
pe

ct
ru
m

Multipoles

Dolag, Komatsu, Sunyaev (2016)

provided the same 
cosmological params with 
the CMB+CMB lensing



Constraint on the cosmological params

tSZ, B=1.25

tSZ, B=1.67

(Planck 2015)

CMB+LENS+BAO

•tSZ amplitude is a sensitive probe of σ8Ωm 

•However strongly degenerate with the mass bias B



The mass bias 
• The mass bias B = Mtrue / Mobs 

• Cosmological parameters strongly 
degenerate with B 

• Mobs should be ~35% lower than Mtrue to 
reconcile with the CMB 

• Numerical simulations yield 5-20% of mass 
bias



Planck cluster mass vs lensing massPlanck cluster masses 3

adds a similar statistical scatter, yielding a total expected scatter
of ⇠ 30% (Becker & Kravtsov 2011). Therefore, relatively large
samples of clusters - selected in a way that does not depend on
their lensing properties - are required to determine the mass cali-
bration to high precision. The key question then becomes whether
the average weak-lensing mass is unbiased. Fortunately, simula-
tions indicate that for the most massive clusters, the average mass
from an NFW fit is unbiased to within a few percent if the radial fit
range is restricted to be within the virial radius (Becker & Kravtsov
2011; Bahé et al. 2012; Oguri & Hamana 2011; Giocoli et al. 2014).
Given that the clusters considered here are among the most mas-
sive known, we fit our shear profiles over the range of 0.75–3 Mpc.
The inner cut-o↵ ensures that the quoted mass is largely insensitive
to the choice of the concentration of the NFW profile: we assume
c = 4, appropriate for the most massive clusters, and have verified
that even substantial shifts in the assumed concentration cause only
slight shifts in the resulting masses.

In Applegate et al. (2014), we quantify the systematic uncer-
tainty associated with each of these components and show that the
WTG data for 51 clusters determine the ensemble mean mass to a
systematic precision of 7 per cent (8 per cent when statistical un-
certainties are included).

Note that the X-ray-selection of the WtG clusters ensures that
the comparison sample is fair (at least to the extent required here):
selection by X-ray luminosity is largely insensitive to triaxiality
and orientation along the line of sight (e.g. Allen et al. 2011). In-
stead, for X-ray selection, the dominant source of scatter is the ex-
istence/absence of a cool core. The WtG sample is thus unbiased in
the sense that for a given ’true’ cluster mass, it is equally likely to
have selected a cluster that scatters ’up’ or ’down’ in weak-lensing
mass.

3 RESULTS

3.1 Average mass calibration

In Fig. 1, we show the ratio MPlanck/MWtG as a function of MPlanck.
The Planck mass estimates are considerably lower than the weak-
lensing based WtG masses, especially at large Planck masses. Us-
ing bootstrap realizations of the unweighted mean1, we find the
average mass ratio for the 22 clusters used in the Planck cluster
cosmology analysis to be:

�cos =

*
MPlanck

MWtG

+
= 0.688+0.056

�0.050 (stat) ± 0.049 (syst) .

The systematic uncertainty quoted here expresses the systematic
uncertainty on the weak-lensing masses, i.e. it includes all entries
in Table 4 of Applegate et al. (2014) with the exception of the scat-
ter due to triaxiality, which is accounted for here in the statistical
uncertainty. Extending the sample to all 38 clusters yields a consis-
tent result:

�all = 0.698+0.039
�0.037 (stat) ± 0.049 (syst) .

The weak-lensing masses are expected to yield the true cluster
mass on average, and thereby enable a robust calibration of other

1 We verified that this procedure returns unbiased estimators of the mean
and standard deviation of a log-normal distribution, even in the presence
of intrinsic scatter and if the measurement uncertainties correlate with the
measured values (as can be seen in Fig. 1, less massive clusters have larger
error bars and higher MPlanck/MWtG).

Figure 1. The ratio of cluster masses measured by Planck and by WtG, for
the clusters common to both projects. Solid symbols denote clusters which
were included in the Planck cluster cosmology analysis (22 clusters) and
open symbols additional clusters in the Planck cluster catalog (16 clusters).
The red, solid line indicates a ratio of unity (no bias). The dashed red line
indicates (1 � b) = 0.8, the default value assumed throughout most of P16.
The blue line and shaded regions show our best-fit mass ratio along with
the 1- and 2-� confidence intervals. Since the weak-lensing masses are
expected to be unbiased on average, the ratio of Planck masses to weak-
lensing masses is a measure of the bias (1 � b) = MPlanck/Mtrue of the
Planck cluster masses as used in P20.

Figure 2. The direct comparison between M500 cluster masses measured by
Planck and by WtG. The symbols are the same as in Fig. 1. The green line
and shaded regions show the best-fit linear relation between the logarithmic
masses and its 1- and 2-� confidence intervals (the fit was performed with
log(MWtG) as function of log(MPlanck)).

c� 2014 RAS, MNRAS 000, 1–6

(von der Linden+ 2014)
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• Is the mass bias really originated from the 
gas physics (e.g., non-thermal pressure)? 
or due to some systematics in the 
observations? 

• Is there any mass or redshift dependence 
of the mass bias?

Questions



Questions
• Is the mass bias really originated from the 
gas physics (e.g., non-thermal pressure)? 
or due to some systematics in the 
observations? 

• Is there any mass or redshift dependence 
of the mass bias?

=> Cross correlation!



This work: tSZ-2MRS cross correlation
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• Go to local universe! 
• median z~0.03 (~0.3 for CMB lensing, ~0.1 for SDSS)



2MASS redshift survey (2MRS) 
(Huchra et al. 2012)

• ~43,500 galaxies with spectroscopic redshifts 
over the full sky 

• redshift distribution peaks at z ~ 0.03 

• Mass range of groups or clusters:  
10^11 < Mvir/Msun < 10^16

11



2MASS redshift survey (2MRS) 
(Huchra et al. 2012)

• What can we learn? 

• Gas physics in the local universe 
̶ How do local galaxies trace gas? 

• would provide a great constraint on “the local 
universe simulation” (e.g. Dolag, Komatsu & 
Sunyaev 2016; Nuza, Dolag & Saro 2010)

12



6 S. Ando et al.

Figure 3. The angular power spectrum of the 2MRS galaxies,
compared with the best-fit HOD halo model (solid). The one-
halo and two-halo terms are shown as dashed and dotted curves,
respectively. The thin dashed curves represent contributions from
three mass ranges as indicated.

Figure 4. The measured angular power spectrum of 2MRS galax-
ies shown as data points with error bars, compared with 100 the-
oretical curves randomly chosen from posterior distribution.

Figure 5. Numbers of member galaxies in groups and clusters
of galaxies in the LDC catalog. Di↵erent symbols show di↵erent
redshift ranges. Thick and thin bands are 68% and 95% credible
interval for the mean HOD galaxy number hNg|Mviri.

Figure 6. Angular power spectrum from the groups and clusters
in the LDC catalog. Contributions from groups and clusters of
various size are shown as solid (Ng > 50), dot-dashed (Ng > 30),
and dashed (Ng > 15) curves. For each sample, there are 16, 37,
and 125 member galaxies. Dotted curves show C` from each of
the 16 largest clusters.

MNRAS 000, 1–27 (2016)

The 2MRS auto-power spectrum 
(Ando et al. 2018)

• Surprisingly, significantly 
detected even at large 
multipoles  

• despite ~1 galaxy/deg2 

• It is almost completely 
explained by the 
contributions from known 
groups and clusters 

• good for tracing SZ!
13

each cluster

sum of known clusters



101 102 103

Multipole l

10−9

10−8

10−7

10−6

l(
l
+
1)
C

gy l
/2
π
[s
r]

g × yTotal

1-halo

2-halo

The tSZ x 2MRS cross-power spectrum

S/N = 14.4  (l < 500)



101 102 103

Multipole l

10−9

10−8

10−7

10−6

l(
l
+
1)
C

gy l
/2
π
[s
r]

g × yTotal

1-halo

2-halo

The tSZ x 2MRS cross-power spectrum

- Correlation with 
contaminated sources?



tSZ auto-power spectrum

Cross-correlation of 2MASS and the SZ 3

circular Gaussians with the FWHM of 10′. The beam and pixel
window function wl for the cross power spectrum is given by

wl =
√

pg
l

py
l

bl, (7)

where pg
l

and py
l

are the pixel window function for the 2MRS and
Compton-Y map, and bl is the beam window function of the Planck,
respectively.

In the bottom panel of Figure 1 we show the measured tSZ-
galaxy cross power spectrum.

If we assumed that the noise in Compton-Y map and 2MRS
map are uncorrelated, the cross power spectrum is free from noise.
However the Compton-Y map still contains residual signal from
IR and radio point sources which could correlate with the 2MRS
galaxies. As shown in Planck Collaboration et al. (2016), the contri-
bution from IR and radio point sources becomes significant at small
scale (high-l). In Figure 1, it can be seen that the cross correlation
power becomes negative at 800 < l < 1000. It might be due to the
contamination from the residual radio point sources, which appears
as negative peaks in Compton Y map.

4 INTERPRETATION
In this section we describe the theoretical interpretation of the mea-
sured auto- and cross-power spectra. In the following, we denote
the angular power spectrum between observable A and B as CAB

l
.

For example, galaxy auto power spectrum is written as Cgg
l

, while
the galaxy-tSZ cross power spectrum is Cgy

l
.

We define the virial mass of dark matter halo (M ≡ Mvir) as
the mass enclosed within the virial radius rvir, which is the one that
contains average mass density of ∆vir(z) times the critical density
of the Universe at z = 0, where ∆vir ≡ 18π2 + 82d − 39d2 with
d ≡ Ωm (1+ z)3/[Ωm (1+ z)3 +ΩΛ]− 1 (Bryan & Norman 1998).
Other definitions of the mass and radius are expressed in the same
way, e.g., r200 and M200 denote the radius which encloses the 200
times the critical density and the mass enclosed within that radius.
For the conversion of the mass from one to another definition, we
use the fitting formulae of Hu & Kravtsov (2003) assuming the
Navarro-Frenk-White (NFW) density profile (Navarro et al. 1997)
and the mass-concentration relation of Duffy et al. (2008).

For the mass function of dark matter halo, dn/dM , we use the
model of Tinker et al. (2008, 2010).

4.1 Halo model
To compute the angular power spectrum, we use the halo model
(Seljak 2000). In this framework, the power spectrum is divided
into intra-halo (1-halo) and inter-halo (2-halo) terms as CAB

l
=

CAB,1h
l

+ CAB,2h
l

. The 1-halo term is defined as

CAB,1h
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ũA
l (M, z)ũBl (M, z),

(8)

where ũA
l

(M, z) and ũB
l

(M, z) are the 2D Fourier transform of the
projected distribution of observable A and B, respectively.

The tSZ term of Eq. (8), ũy
l

, is given by (Komatsu & Seljak
2002)
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Figure 1. (Top) Galaxy auto, (Middle) tSZ auto and (Bottom) galaxy-tSZ
cross power spectrum.

where x ≡ r/r500, l500 ≡ DA/r500, and DA is the angular diameter
distance. The radial distribution of Compton Y , y3D(r), is written
by electron pressure profile Pe (x) as

y3D(x) =
σT

mec2 Pe (x), (10)

where σT is the Thomson scattering cross-section, me is the elec-
tron mass and c is the speed of light. We adopted the parameterized

MNRAS 000, 1–5 (2017)
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l (M, z)ũBl (M, z),

(8)

where ũA
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Figure 1. (Top) Galaxy auto, (Middle) tSZ auto and (Bottom) galaxy-tSZ
cross power spectrum.

where x ≡ r/r500, l500 ≡ DA/r500, and DA is the angular diameter
distance. The radial distribution of Compton Y , y3D(r), is written
by electron pressure profile Pe (x) as

y3D(x) =
σT

mec2 Pe (x), (10)

where σT is the Thomson scattering cross-section, me is the elec-
tron mass and c is the speed of light. We adopted the parameterized
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Halo model
- 1-halo 

- 2-halo 

Mass function: Magneticum Pathfinder sim. (Bocquet+ 2016)
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Model: galaxies
ũg
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Model: tSZ
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Model: tSZ
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Covariance matrix
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parameter dependence
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MCMC fitting
•Free parameters are 

•Cosmological parameters: Ωch2, ln(As) 

•Planck prior assumed (CMB+CMB lensing) 

•Galaxies 
•3 HOD parameters and 2 parameters for radial 
distribution of satellite galaxies 

•tSZ  
•B, αp, β and the amplitude of the contaminated 
sources (CIB, IR and radio point sources)
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•tSZ auto and 2MRS x tSZ prefers the same mass bias



Constraints on B

•αp and β fixed 

• B = 1.52 +/- 0.10 
• consistent with weak 
lensing survey 

• The 2MRS-tSZ cross slightly  
improves the constraints



αp

•The 2MRS x tSZ solves the degeneracy between αp and B 

•consistent with the self-similar model, or no mass 
dependence of B

tSZ auto + 2MRS x tSZ: 
B = 1.5 +/- 0.1 
αp = 0.025 +/- 0.11
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β
tSZ auto + 2MRS x tSZ: 

B = 1.42 +/- 0.15 
β = 0.97 +/- 0.87

•The 2MRS x tSZ does not help to constrain β 

•need to constrain the amplitude of foregrounds

tSZ auto 
All



Summary
• First detection of the 2MRS x tSZ  

• Observed cluster mass should be 35% lower than 
the true mass 

• consistent results for the tSZ auto and tSZ-2MRS 
cross 

• tSZ x 2MRS significantly improves a constraint on 
the mass - pressure relation 

• No mass or redshift evolution of B is needed
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