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The thermal Sunyaev-Zel’dovich (tSZ) effect is a powerful probe of cosmology. The statistical errors in the
tSZ power spectrum measurements are dominated by the presence of massive clusters in a survey volume that

are easy to identify on an individual cluster basis. First, we study the impact of super sample covariance (SSC)

on the tSZ power spectrum measurements, and find that the sample variance is dominated by the connected

non-Gaussian (cNG) covariance arising mainly from Poisson number fluctuations of massive clusters in the

survey volume. Second, we find that removing such individually detected, massive clusters from the analysis
significantly reduces the cNG contribution, thereby causing the SSC to be a leading source of the sample
variance. We then show, based on a Fisher analysis, that the power spectrum measured from the remaining
diffuse tSZ effects can be used to obtain tight constraints on cosmological parameters as well as the
hydrostatic mass bias parameter. Our method allows the use of both individual tSZ cluster counts and the
power spectrum measurements of diffuse tSZ signals for cosmology and intracluster gas physics.

DOI: 10.1103/PhysRevD.103.063501

I. INTRODUCTION

The anisotropy of the cosmic microwave background
(CMB) is one of the most important probes of physical
states in the Universe. Among different components of the
CMB anisotropy, the Sunyaev-Zel’dovich (SZ) effect [1-3]
provides us with rich information of cosmic structures of
the late-time Universe (for reviews, see Refs. [4,5]). The SZ
effect is divided into two classes according to the physical
processes giving rise to the anisotropy. One is the thermal
SZ effect (tSZ), where energy is transferred from hot
electrons to CMB photons through inverse Compton
scattering. The other one is the kinetic SZ effect (kSZ),
which is caused by the Doppler effect due to the bulk
motion of electrons with respect to the rest frame of CMB
photons. The tSZ effect arises mainly from thermal
electrons, most of which reside in galaxy clusters, and
enable one to detect distant galaxy clusters up to high
redshifts because the cosmological surface brightness
dimming is compensated by the increase of the CMB
photon number density at higher redshifts. Since the
abundance and spatial distribution of galaxy clusters reflect
the degree of structure formation of the Universe, we can
take advantage of SZ effects to constrain cosmological
parameters [6—10]. Since the amplitude of the tSZ effect is
larger than that of the kSZ effect, and the tSZ effect is easier
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to distinguish from other anisotropies due to specific
frequency dependence, the tSZ effect has now been
intensively studied.

The tSZ effect has already been measured by several survey
programs. The Planck satellite has conducted measurements
for all-sky coverage [11,12], and ground-based telescopes
aim to measure the tSZ effect with high angular resolution
(~1 arcmin), which includes the Atacama Cosmology
Telescope (ACT) [13,14], South Pole Telescope [15,16],
Simons Observatory [17], and CMB-54 [18].

As a summary statistics of the tSZ effect, power
spectrum is commonly employed because the theoretical
approach is readily available [19]. Among them, the
halo model prescription [20-23] can reproduce the results
of hydrodynamical simulations [24,25] and is widely
employed in practical analyses [11,26]. In addition, by
cross correlating the tSZ map with other observables of
large-scale structure, e.g., cosmic shear or nearby galaxies,
the significance of the measurements can be enhanced
[27-34]. Since the tSZ effect is sourced by hot free electrons
and most of them are found in galaxy clusters, i.e., massive
halos, the halo model picture is justified. Similarly, we can
also estimate the covariance matrix based on the halo model
prescription. However, the covariance matrix suffers from
large-scale mass fluctuations with wavelengths comparable
to or greater than the size of the survey volume, whichisnota
direct observable. This additional contribution to the covari-
ance is referred to as the super sample covariance (SSC)

© 2021 American Physical Society


https://orcid.org/0000-0002-7934-2569
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.063501&domain=pdf&date_stamp=2021-03-02
https://doi.org/10.1103/PhysRevD.103.063501
https://doi.org/10.1103/PhysRevD.103.063501
https://doi.org/10.1103/PhysRevD.103.063501
https://doi.org/10.1103/PhysRevD.103.063501

KEN OSATO and MASAHIRO TAKADA

PHYS. REV. D 103, 063501 (2021)

[35]. If the SSC contribution is not taken into account, the
covariance matrix is underestimated and the statistical
significance is overestimated. In order to carry out the
analysis with the power spectrum in an unbiased way, we
need to incorporate such additional contributions.

In Refs. [26,36] it was shown that the connected non-
Gaussian term is a dominant contribution to the covariance
of the power spectrum. Furthermore, this term is sourced
mainly by massive clusters at low redshifts. Therefore,
removing such clusters from the measurement by masking
the regions leads to a suppression of the covariance matrix
and enhancement of the significance, though some fraction
of signals can be missed [37]. In this paper, we estimate the
SSC contribution for the tSZ effect based on the halo model
prescription and quantify the effects on cosmological
parameter estimation with the tSZ power spectrum.
Furthermore, we also investigate the effect when massive
clusters are masked.

This paper is organized as follows. First, we review the
halo model prescription to compute the tSZ power spec-
trum in Sec. II and the covariance matrix in Sec. III. In
Sec. 1V, we give specific details on experimental condi-
tions. In Sec. V, we present results of statistical significance
and forecasts of constraints on parameters. We make
concluding remarks in Sec. VI.

Throughout this paper, we assume the flat A cold dark
matter (CDM) Universe. Unless otherwise stated, we adopt
the best-fit cosmological parameters inferred with observa-
tions of temperature and polarization anisotropies and gravi-
tational lensing of CMB (TT, TE, EE + lowE + lensing)
measured by Planck [38,39]: the physical CDM density
Q.h> = 0.12011, the physical baryon density Q,h*> =
0.022383, the acoustic angular scale 1006, = 1.041085,
the amplitude and slope of the scalar perturbation
In(10'0A;) = 3.0448, n, = 0.96605 at the pivot scale kpy
0.05 Mpc™', and the optical depth 7., = 0.0543. The
neutrino component is composed of two massless neutrinos
and one massive neutrino with mass m, = 0.06 eV,
and the massive neutrino density parameter is ,h* =
m,/(93.14 eV) = 0.000644. Thus, the matter component
is composed of CDM, baryons, and massive neutrinos, and
the matter density parameter is Q, = Q.+ Q, +Q, =
0.31816. Then, the energy density of the cosmological
constant is given as Q, = 1 —Q_, = 0.68184. The ampli-
tude of matter fluctuations at the scale 8 h~!Mpc is
og = 0.811. For notation, the symbol “log” denotes the
common logarithm “log;,” and the symbol “In” denotes
the natural logarithm “log,.”

I1. THE tSZ POWER SPECTRUM
A. Halo model of the tSZ power spectrum

Here we briefly review the halo model calculations of the
tSZ power spectrum. The temperature variation AT due to
the tSZ effect [1-3] is given by

AT o
ey = a0 [ ()
CMB mec

where y is the Compton y parameter, Tcyp = 2.7255 K is
the CMB temperature, ot is the Thomson scattering cross
section, m,, is the electron mass, c is the speed of light, P, is
the free electron pressure, and in the last term the line-of-
sight integration is carried out with respect to the physical
length I. The frequency-dependent part g,(x) is given by

e —1 hv

= — 4,
gl/(x) xex +1

(2)

 kgTevs’

where v is the frequency, / is the Planck constant, and kg is
the Boltzmann constant.

First, we give formulations for the halo model calcu-
lation of the tSZ power spectrum [20,21]:

C(¢) = C™M(¢) +Cc™(p), (3)

Zreio d2V
chg :/ d
(%) . Y30

2
, (4
; i 4)

min

110 dZV f 1 2
C2h(f)=/z dy PL(k: Y ;x>
0 LY X

| [ v o2, 0215060
5)

Mmax d
x / dM 2 (M 2)[5(£: M y)

min

where y is the comoving distance [40], d>V/dydQ = y? is
the comoving volume per unit comoving distance and unit
solid angle, dn,/dM(M,z) is the halo mass function,
Py (k;y) is the linear matter power spectrum at redshift z
corresponding to the comoving radial distance y(z), and
by(M, z) is the halo bias. The quantity y(£;M,y) is the
Fourier transform of the electron pressure profile. The
modeling of the pressure profile of halos will be discussed
later in this section. The one-halo term (4) corresponds to
the correlation between the same halo and the two-halo
term (5) denotes the correlation between different halos. We
assume that reionization occurs instantaneously at
Zreio = 1, and at this redshift all hydrogen and helium is
fully ionized. We use the linear Boltzmann code CLASS
[41] to compute the linear matter power spectrum Py (k, z).
In the mass integration, we adopt the virial mass M ;. as the
halo mass definition and employ M,;, = 10" A=! M,
My = 10" h=' Mg, for the lower and upper limits of
the halo mass integral, respectively. The virial radius R.;,
for a halo with virial mass M is obtained from the
expression
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A

M, = ?Avir(z)pcr(Z)R\%ir’ (6)

where p..(z) is the critical density. The virial overdensity
A, 1s given as [42]

Ay = 1877 +82(Qu(z) = 1) =39(Qu(z) = 12, (7)
where
Qu(z) = Qu(1 +2)°E(2), (8)

and the expansion factor is defined as

= [Qn(1 +2)* + Q. ©)

Since fitting formulas of the halo mass function, halo bias,
and electron pressure profile adopt halo mass definitions
that are different from the virial mass, we also use the
alternative halo mass definitions Msny and M-

A
M5y = ?Soopcr(Z)RgOO’ (10)

Az
Moo, = 3 Zooﬂm(Z)R%oob’ (1 1)

where p(z) = per(2)Q2m(z). These halo masses can be
converted from the virial mass if we assume that the density
profile of halos follows the Navarro-Frenk-White profile
[43,44]:

B Py
) = S+ rjr (12)

The scale density p, is determined by the relation

Rvir
M, = / drdzr’p(r), (13)
0

and the scale radius r, is determined from the mass-
concentration relation

Rvir
Cvir(Mvir’ Z) = ’ (14)

Ts

where we adopt the fitting formula calibrated by N-body
simulations in Ref. [45]. In addition, for the halo mass
function and halo bias, we adopt the fitting formulas
calibrated by N-body simulations: the fitted halo mass
function with respect to My, in Ref. [46] and the fitted
halo bias in Ref. [47].

Next, we derive the expression for the Fourier transform
of the Compton y from a single halo 5(¢; M, z):

sin((€ + 1/2)x/¢)
x/dxxzpe(x) Gan v rati(D

where x = r/R, £, = D,(x)/R;, R, is the arbitrary scale
radius, and D4(y) is the angular diameter distance. For the
pressure profile of free electrons, we make use of the
universal pressure profile [48] calibrated by Planck obser-
vations [49]:

PaD_ [ Mo
PSOO 3 x 1014 h;ol MO ’

(16)

Py
- : 17
Pt (e500)7[1 + (c500) 4] P1)/e (17)

Psypo = 1.65 x 1073E(2)}

M i 2 -3
X {14_1] h3, keVem™, (18)
3 x 10" h7y Mg

where (P, ¢s00,7, @ ) = (6.41,1.81,0.31,1.33,4.13),
x =r/RUSEand hyy = h/0.7. In the calibration of the
pressure profile, the mass is determined assuming hydro-
static equilibrium, where only thermal pressure is balanced
with the self-gravity of the halo. However, in addition to
thermal pressure, nonthermal processes, e.g., turbulence or
magnetic fields, could also contribute to the total pressure
supporting the mass of galaxy clusters [S0-53]. Thus, the
hydrostatic mass MLGF is generally lower than the true
mass Msgy. In order to take this effect into account, we
parametrize the mass and radius with the hydrostatic mass
bias parameter bysg:

M?()SOE = (1 - bHSE)MSOOv (19)
R?OSOE = (1 - bHSE)%RSOO- (20)

We adopt the fiducial value bygg = 0.2, which is suggested
by mass calibration measurements [54,55] and hydrody-
namical simulations [56]. The amplitude of the tSZ power
spectrum is sensitive to the hydrostatic bias parameter, and
thus the parameter can be constrained through the power
spectrum in a way complementary to the mass-calibration
measurements.

B. Selection function of massive clusters

Here we introduce an observable in the cluster survey
that is relevant for the tSZ effect. For each cluster, the
integrated flux of the tSZ effect corresponds to the thermal
energy stored in the galaxy cluster. We define the three-
dimensional integrated Compton y parameter, which is
denoted as Ysg:

063501-3
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oT

Yso0(M,z) =

Rsoo )
), drdnr*P.(r;M,z). (21)

MmeC

This quantity is proportional to the thermal energy of gas in
the galaxy cluster and can be measured in the tSZ survey if
the redshift of the cluster is known [57]. Furthermore, this
quantity exhibits a tight scaling relation with the halo mass
[58]. As we will show later, since the dominant source of
the tSZ covariance is caused by massive clusters, we study
how the masking of such massive clusters, based on the
integrated Compton y parameter, helps to reduce the
sample covariance. We introduce the selection function
S(M, z) based on the integrated Compton y parameter:

1 (Ys500(M, 2) < Yipres)s

(22)
0 (Ys00(M,2) > Yipres),

S(M, z) —{

where Y, 1s the threshold value. When cluster masking is
applied, this selection function is inserted into the mass and
redshift integrations in the halo model expressions (see
Sec. [II C). In Fig. 1 we show how the integrated Compton
y parameter varies with the virial mass and redshift, and the
different lines denote three representative values of
log(Ys99/Mpc?) = —6,—-5,—4. In Fig. 2 we show the
tSZ power spectrum along with the CMB primary spectrum
and noise power spectrum, which will be discussed in
Sec. IV. The tSZ power spectra with and without cluster
masking are shown. When cluster masking is applied, the
amplitude is suppressed by less than half but the covariance
matrix is also reduced, as shown in Sec. III. Both the one-
halo (dashed lines) and two-halo (dot-dashed lines) terms
are reduced by cluster masking, but the one-halo term is
more suppressed because the main source of the term is

1016

=== log(Ys00/Mpc?) = —6
—— log(Ys00/Mpc?) = —5 -2
—-= log(Ys00/Mpc?) = —4

__10% —
= 2

—4
Z =
| ~
= S
Y=}
£ 5
= o0
1014 4 '_'O

-6

-7

1013 T T T —
1073 1072 1071 10°
z

FIG. 1. Integrated Compton y parameter for clusters of given

redshift z and virial mass M ;.. The dashed, solid, and dot-dashed
lines correspond to log(¥so/Mpc?) = —6, —5, —4, respectively.
For each threshold, clusters located in the upper regions divided
by the lines are masked.

—
(=)
=

10° 5
=
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FIG. 2. Power spectra of temperature anisotropy due to the tSZ
effect with and without cluster masking. For comparison, the
primary CMB anisotropy power spectrum and instrumental noise
power spectrum (see Sec. IV) are also shown. For halo model
calculations, the dashed (dot-dashed) lines correspond to the one-
halo (two-halo) term contribution. Instead of the raw power
spectrum C(¢), we show D(¢) = £(£ + 1)/ (27)C(£) > Toyp at
the frequency v = 149 GHz. For cluster masking, we adopt the
threshold 10g (Y s /Mpc?) = —5.

nearby massive clusters. As a result, the signal-to-noise
ratio is enhanced by masking clusters. We will discuss the
statistical significance in Sec. VA.

III. COVARIANCE OF THE tSZ POWER
SPECTRUM

A. Compton y with the survey mask

Here we derive formulas for the covariance matrix of the
Compton y power spectrum, taking into account the survey
mask. First, we define the survey window function W(0)
and the observed Compton y field as

yw(0) = W(0)y(), (23)

where W(@) = 1 for observed regions and W(@) = 0 for
masked regions. Then, the Fourier transform of the field
under the flat-sky approximation is given by

a7 .

()= [GeaWe-one).
(27)

where the tilde symbol denotes the Fourier transform of the

quantity. The estimator of the power spectrum for the ith

multipole bin is given as

A 1 d?z

C(¢;) y

= — 55O w(=0). 25
o s Qf,-yW( )¥w (=) (25)

where Qy is the effective survey area Qu = [d?0W(0)
and €, is the number of modes Q,, = ffef[_ d?#. When the
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bin width is sufficiently smaller than the multipole, the
number of modes can be approximated as

Q, ~273A In?, (26)

where we consider the logarithmically evenly spaced bins
for multipoles and AlnZ is the bin width in logarithmic
space. Then, the ensemble average of the estimator
becomes the sum of the power spectrum C(¢) and noise
power spectrum N(?):

(C(¢) = C(£)) + N(£)). (27)

Hereafter, the parentheses denote the ensemble average.

B. Covariance matrix of the tSZ power spectrum

Next, we derive the expression for the covariance matrix

C as

Ciy=(C(£)C(¢)) -
1 [(27)?
oyl

(CENNC(E))

2[C(£)+N(E)Poi+Tw(Ct)) |, (28)

where 9;; is the Kronecker delta. The first term is referred to
as the Gaussian term (labeled as G):

I (2n)?
Q Q.

Co= 2[C(¢;) + N(¢,))5; (29)

The remaining term is the non-Gaussian term, which does
not depend on the binning of the multipoles, in contrast to
the Gaussian term. The trispectrum convoluted with the
window function Ty, is given as

L e
“i j QW lel lel; (275 1a

X (27)*6p(q1234)T (5*‘%7
_Lﬂ+q27f/+q37_f/+q4)v (30)

where Jp is the Dirac delta function and q 534 = ¢ + ¢>+
q3 +qa.

Then, we derive the expressions for the covariance
matrix based on the halo model [59]. First, we introduce
the following notation:

dn, _ B
1,6(/1,...,5,,;;()5/(11\4hbﬂy(fl)...y(f,,), (31)

dm

where by = 1 and b, = b,(M, z). The halo model expres-
sion for the tSZ power spectrum becomes

2
c(e) = / U g |60 + 0P

d
< f+1/2 )} 52)

For projected fields such as Compton y, we can compute
the non-Gaussian terms for the covariance as follows
[8,60,61]:

NG __ cNG SSC
Cij” =Cm + G, (33)

CgNG d2 f/

T, -¢,0,-¢"), 34
QW lel; Qg [el ) (34)

CSSC CHSV + CHSV -BC + CBC (35)

d’v
Clisv :/d)(d dglé(fi,fi%)lé(fj’fj;){)

1 [ d
< | Gaap WORPLK)
dZV 1 L 2
= [ g g e ti e il 0T GO

x PL(ki;)()PL(kj;)() [ GO, (37)
Vv 68

HSV-BC _ 1 . 271 . .
eV = [y s e 0P kisn)

+ [ x0) P13 Ci) Pk Yoty (7))
(38)

where we define the variance of mass density fluctuations
of super-survey modes as

1 [ d% 5
= | e WOrRk. ()
and k= (¢4 1/2)/y. The term that is sourced from the
trispectrum with a parallelogram configuration is referred
to as the connected non-Gaussian term (labeled as cNG).
The latter three terms are referred to as the halo sample
variance (HSV) [61] the beat coupling (BC) [60,62], and
their cross correlation (HSV-BC) terms, respectively. The
sum of the three terms is referred to as super sample
variance (SSC) [35]. Since the trispectrum is dominated by
the one-halo term at all scales [59], we ignore the two-,
three-, and four-halo terms of the trispectrum for simplicity:

T(¢,—¢.0, 1)
~Th(Z, )

d2V dl’lh
— /4 am
/ X 3dQ / aM

X (M. ) P5(s M. x)|*. (40)
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FIG. 3. Differential contributions of clusters in infinitesimal intervals of redshift and halo mass around a given redshift (x axis) and
mass (y axis) to the power spectrum and the diagonal term of the trispectrum for # = 100 (upper panels), 1000 (medium panels), and
5000 (lower panels), respectively. The dashed, solid, and dot-dashed lines correspond to log(Ysy/Mpc?) = —6,—5, and —4,
respectively.
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C. Implementation of cluster masking in the halo model

Here we describe how to incorporate the cluster masking
in the halo model expressions of the tSZ power spectrum
and covariance matrix. The selection function S(M,y)

[Eq. (22)] is inserted into the mass integration in I,/f and 7'
} A
Lty liy) = Ta(Crs s i)

_ / dM%sw,x)bﬁy(f]) (), (41)

and
T, ') — TN, )

d2V dnh
= /4 am M s(m,
/Xd;(dg/ an SM-)

< |5(2:M. ) P3¢ M.y ) P (42)

Then, in order to apply cluster masking, I,’Z and 7' in the
halo model expressions (32), (33), (36), (37), and (37) are

replaced with 7{,3 and 7', respectively.

D. Weight function

In order to investigate which halos contribute the signal
and covariance, we compute the weight function with
respect to mass and redshift. For the power spectrum,
the weight function is given as

dl’lh

& &2V [dn,
£) = —— |20 52 + 2550 by 5(2
azant ) = dzaa [dM SOF+ 255, 53()
£+1/2 dny |
P (k= M .
X L(k P ,Z)/d dehy(L”)]

(43)

Similarly, the weight function of the trispectrum is given as

d? d? h
T, -¢,0,-")~——T"¢, ¢
dzdM ( ) dzdM ( )
d2V dl’lh
=—— 25 3()|. 44
P (#4)

Note that these expressions are weight functions with
respect to the redshift z, instead of the comoving distance
%, and the comoving volume with respect to redshift
is A’V /dzdQ = y*(2)H(z)/c.

Figure 3 shows the weight functions for diagonal com-
ponents, i.e., £ = ¢’ of the power spectrum and trispectrum
for three representative multipoles, # = 100, 1000, 5000.
Obviously, the trispectrum is more sensitive to massive
clusters than the power spectrum at all scales. The integrand
of the mass integration of the trispectrum contains #* in
contrast to j* at highest for power spectrum, and thus the

contribution from massive clusters becomes prominent in the
trispectrum. Similarly, we can expect that the super sample
covariance involves the mass integration of j> at highest and
is less sensitive to massive clusters compared to the cNG term.
We also show the three critical lines of log(Ysy,/Mpc?) =
—6 (dashed), —5 (solid), and —4 (dot-dashed). In order
to enhance the significance of the detection, we need to
keep the power spectrum but remove the trispectrum
contribution as much as possible, which is the dominant
source of the covariance. We adopt the fiducial threshold
1og(Yes/Mpc?) = —5 when masking massive clusters.
Apparently, the threshold log(Yyes/Mpc?) = —4 keeps
the large fraction of the signal but our fiducial threshold
gives a higher significance. Since the contribution of the cNG
term is quite larger than the other terms, rather than main-
taining the signal, completely excluding the trispectrum is a
more effective strategy.

IV. EXPERIMENTAL CONDITIONS

In this section we define the experimental conditions for
statistical analysis. We consider a practical case which
is similar to the Advanced ACT measurement [63]. We
assume that the sky coverage is Qy = 2100 deg” and the
survey window is circularly symmetric for simplicity. The
power spectrum of the mask is given as

wer-a; 2N e

where J;(x) is the first-order Bessel function and we

employ Oy = /Qy /7. In general, the survey window
function has an irregular shape or the survey regions are
divided into multiple separate patches. The relative strength
of SSC depends on the geometry of the survey region or the

1.0

CiCjj

Cij/

10°
¢

FIG. 4. Total covariance matrix of the tSZ power spectrum. The
upper left (lower right) part corresponds to the covariance matrix
with (without) cluster masking.
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degree of discontinuity of survey regions [64]. A compact
survey geometry such as the circular geometry considered
here has the largest SSC contribution. Hence, the following
estimate can be considered as the worst-case scenario for
the impact of the SSC contribution. The binning is
logarithmically evenly spaced with the minimum £, =
100, maximum #,,, = 5000, and number of bins n, = 30.
For the noise power spectrum, we assume that the instru-
mental noise is Gaussian and its variance iS oy =
7 pKarcmin with a single band at vy = 149 GHz. Then,
the noise power spectrum is given as

. 2
N(f) _ |: Oinst :| eﬂ()l%WHM/(S In 2)’ (46)

9(vo0)Tems

where Opwyym = 1.4 arcmin is the full width at half
maximum of the beam size [63]. In addition to the
instrumental noise, radio and infrared point sources, cosmic
infrared background, and primary CMB leak to Compton y
estimates due to incomplete separation and can be a source
of noise. However, the instrumental noise dominates at
small scales [19,26], and we ignore the contributions from
other sources in the subsequent analyses for simplicity.

Without cluster masking

— G 10% 4
1075 - —— oN@
— HSV 10! 4
107 1 — BC
—— HSV-BC 107 3
10757 1 Py
107!
107 4 2,
> = 10723
SN~— 5N
QO 107* -~
1070 4
\S)
10—43 4
10—4 o
10—45 :
1073 4
10747 4 10-6 -
102 10° 102 10°
With cluster masking
10-35 — G 10" 4
— NG \
— HSV 10° 4
10—37 E
— BC
—— HSV-BC 1071 4
-39 J
10 Q
S~—
—~ @} 1072 4
= 1074 3
> <
O -
104 1 >
D)
10—45 4
10—47 4
102 10° 10? 10°
FIG. 5. Diagonal terms of the covariance matrix of the tSZ power spectrum (left panels) and each term divided by the Gaussian term

(right panels) without (upper panels) and with (lower panels) cluster masking. The HSV, BC, and HSV-BC terms correspond to the SSC.
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The total covariance matrix is shown in Fig. 4. The
diagonal terms of the covariance matrix for each compo-
nent are shown in Fig. 5. In the case of no cluster masking,
the cNG term dominates at all scales. On the other hand,
cluster masking removes clusters that contribute to the cNG
term, and Gaussian and SSC terms become important when
clusters are masked.

V. RESULTS

A. Statistical significance

In this section we discuss the statistical significance of
the detection of the tSZ power spectrum and the effects of
cluster masking and SSC on it. The signal-to-noise ratio
(SNR) S/N is computed as

S 2
ﬁ - {meinffi-fjﬁfmax C(fl)cal C(fj) ’ (47)

Figure 6 shows the SNR as a function of the maximum
multipole # .. The SSC contributes only 5% of the SNR
without cluster masking because the cNG term dominates.
However, by masking massive clusters, the overall SNR is
enhanced due to the suppression of the cNG term but the
relative contribution from SSC also increases to 30%
because the SSC is less sensitive to the cluster masking.

Next, we discuss how SSC affects the chi-squared
statistic that an observer could obtain for a given realization
of data. The chi-squared statistic is defined as

—— G+ cNG + SSC without cluster masking
] —— G+ cNG without cluster masking

=== G+ ¢NG + SSC with cluster masking
=== G+ cNG with cluster masking

0

O
4o
Hz
Sz 0.8
S

,_
"o
=)

N

e
>

T
10%

gmax

FIG. 6. SNR as a function of maximum multipole #,,, with the
total covariance including SSC or the covariance including only
the Gaussian and trispectrum (cNG) contributions (i.e., without
SSC), as denoted in the legend. The lowest multipole is fixed as
Zmin = 100 and the highest multipole is varied in the range
200 < Zmax < 5000. The bin width is also fixed. The lower panel
shows the ratio of S§/N values with and without the SSC
contribution, for the two cases where we remove massive clusters
with Y500 > 107 Mpc™ or not (with and without “cluster
masking”).

=d-d)7Cc'(d-d), (48)
where d is the data vector defined as

d=(C(),....C(¢,,)) (49)

and d = (d). The expectation value of the y? value is
estimated as

) ={d-ayc'd-a)
=Tr(((d -d)(d -d)")C")
= Tr(CC™") = n,. (50)

However, if the wrong covariance is employed in the
analysis, the expected chi-squared deviates from the num-
ber of bins. Let us consider the case where the true
covariance is composed of Gaussian, connected non-
Gaussian, and super sample covariance, and the wrong
covariance is that without the super sample covariance:

Ctrue = cG + CcNG + CSSC’ (51)
erong = CG + CCNG' (52)

Then, the expectation value of chi-squared with the wrong
covariance is given as

0.07 T
—— True covariance
0.06 4 —-==Wrong covariance without cluster masking
' —+— Wrong covariance with cluster masking

0.05

0.04 4
—
A
A= 0.03

0.02 A

0.01 A

0.00 T

0 70 80

FIG. 7. PDFs of chi-squared with true and wrong covariances

and with and without cluster masking. The black solid line shows
the chi-squared distribution with degrees of freedom n = 30, and
for the other lines the argument is scaled to match the expectation
values. The blue dashed line shows the PDF with the wrong
covariance, i.e., without the SSC term, and furthermore the
orange dot-dashed line shows the one when massive clusters are
masked. The red vertical line corresponds to y> = 43.8 where the
p-value is 0.05 with the true covariance.
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TABLE I.  p-values with wrong covariances with and without
cluster masking. The lower limit of chi-squared is determined as
the p-value with the true covariance is 0.05.

Covariance r*) p-value
True covariance 30 0.05
Wrong covariance 30.80 0.061
without cluster masking
Wrong covariance 33.91 0.120
with cluster masking
wrong) = ((d = d)T (Cyrong) ™' (d —d))
wrong wrong
= Tr(Ctrue(erong)_l) > ng. (53)

The chi-squared with the wrong covariance no longer
follows the chi-squared distribution, but if the wrong
covariance is close to the true covariance we can approxi-
mate the probability distribution function (PDF) of ;(%mng as
the chi-squared distribution with scaling to match the
expectation value:

ny

ng
P()(%vrong)d)(%vrong ~ sz <;)(%vr0ng; nf) ;d)(%vrong’ (54)

where P . (y*; n) is the PDF of the chi-squared distribution
with degrees of freedom n, and a = Tr(Cyye (Cyyrong) ™)-
Figure 7 shows the PDFs with the true covariance and the
wrong ones, i.e., without SSC, for the cases with and
without cluster masking. The PDFs with wrong covariances
are skewed rightward compared to the true one because the
wrong covariance underestimates the true covariance or,
more exactly, the amplitude of statistical scatters, and it
apparently gives a higher significance. In order to see how
the significance is overestimated with the wrong covari-
ance, we address how the p-value changes. First, we
compute Z?;:o.os’ which gives the p-value as 0.05 with
the true covariance. When the true covariance is adopted,
the resultant chi-squared follows the chi-squared distribu-
tion, and from the cumulative distribution function,
;(§=0.05 =43.8 is calculated. Then, we compute the p-

values with wrong covariances, i.e.,

Without cluster masking

0.1215

~
=
B

0.1200

Q

0.1185
1.0416

10412}

1.0408

G + cNG + SSC
G+ cNG
G

(10" Ay)

o
o
=
o

oot W
S & 3
——
- I 1 4
+ +

FIG. 8.

Expected 1o constraints on parameters including marginalization over other parameters, obtained based on the Fisher matrix

(see text for details). The cluster masking is not applied. The blue solid, orange dashed, and green dot-dashed lines correspond to the
results with total, Gaussian and connected non-Gaussian, Gaussian only covariances, respectively.
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With cluster masking

—— G +cNG +SSC
G+ cNG
—_—

\a) Q Q <’3 Q ‘b % bv

» O L L L X B0 L
".)'Q ".)Q Qo') QO') QQ QQ QQ QQ

n(lOlOAS) Ng Treio

FIG. 9. Similar to the previous figure, but for the expected constraints when the cluster masking is applied. The blue solid, orange
dashed, and green dot-dashed lines correspond to the results with total, Gaussian and connected non-Gaussian, Gaussian only

covariances, respectively.

p= /2 P(Zwrong)d)(%vrong' (55)

X p=0.05

In Table I we show the p-values for the two cases with and
without cluster masking. When cluster masking is not
applied, the effect of the super sample covariance is
subdominant and the p-value increases only by 1.1%.
However, when massive clusters are masked, the SSC
becomes relatively important and the p-value is 12.0%.
This result implies that it is 7.0% more likely to derive
optimistic significance of the detection. For the case of
parameter inference, however, even a true model gives an
apparent bad fit to the data because there might be a higher
chance to have a relatively large chi-squared value for the
best-fit model due to the underestimation in the covariance
amplitude.

B. Fisher analysis

In this section we quantify the effects of SSC on the
parameter constraints with the tSZ power spectrum based

on a Fisher forecast [65,66]. The tSZ power spectrum is
sensitive to the matter fluctuation and has the potential to
place tight constraints on the amplitude A,. Furthermore,
the hydrostatic mass bias parameter can also be con-
strained, which information is not accessible solely from
CMB temperature and polarization analysis.

When the likelihood is assumed to be a multivariate
Gaussian, the Fisher matrix is given as

od~’ od 1 oC ocC
Ft.S.Z 1 177 1 56
T T Gt Tl N
We consider the parameter space 6 = (Qyh* Q.h>,
1000, In(10'°A,), ny, 7,ei0, B), where B = (1 — bysg)~".

In particular, the hydrostatic bias parameter B characterizes
the nonthermal pressure support of galaxy clusters and
groups, and it is not well constrained compared to cosmo-
logical parameters. Since severe degeneracy between
parameters only occurs with the tSZ power spectrum,
we add information from the Planck 2018 TT, TE,
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TABLE II. Expected 1o error on each parameter with CMB anisotropies and the tSZ power spectrum. We show the values with three
different covariances: G, G + ¢cNG, and G + ¢cNG + SSC.

Q,h? Q.2 1000, In(10'°A;) ng Treio B
CMB 0.000146 0.00118 0.000307 0.0141 0.00415 0.00730 —

Without cluster masking
CMB +tSZ (G) 0.000132 0.00090 0.000278 0.0105 0.00264 0.00520 0.0416
CMB + tSZ (G + cNG) 0.000145 0.00117 0.000305 0.0139 0.00404 0.00716 0.0455
CMB + tSZ (G + ¢NG + SSC) 0.000145 0.00117 0.000305 0.0139 0.00405 0.00717 0.0456
With cluster masking

CMB +tSZ (G) 0.000142 0.00102 0.000304 0.0094 0.00401 0.00577 0.0230
CMB + tSZ (G + cNG) 0.000144 0.00111 0.000305 0.0121 0.00409 0.00661 0.0347
CMB + tSZ (G + ¢NG + SSC) 0.000144 0.00113 0.000306 0.0130 0.00411 0.00691 0.0376

EE + lowE + lensing result [39]. Thus, the resultant Fisher
matrix F is given by

F = FlSZ + FCMB’ (57)
where the Fisher matrix for CMB anisotropies is computed
from chains obtained in the Planck analysis. In Figs. 8 and
9 we show forecasts of the constraints from the tSZ power
spectrum and CMB anisotropies with and without cluster
masking. Table II shows the forecast of 1o errors. When
adding the information about the tSZ power spectrum we
can obtain tighter constraints on parameters, especially
the amplitude of primordial curvature perturbations:
In(10'°A;). Note that the hydrostatic bias parameter B
can also be tightly constrained. When clusters are not
masked, the effect of SSC is subdominant since the cNG
term is much larger. On the other hand, with cluster
masking the SSC comes into effect because the SSC is
not sensitive to cluster masking compared to the cNG term.
As the SNR improves from cluster masking, the constraints
become tighter.

VI. CONCLUSIONS

The tSZ effect is one of the most important probes in
cosmology. With the power spectrum, we can constrain the
cosmological parameters and investigate the astrophysical
effects, e.g., hydrostatic mass bias. Since any survey is
done for a finite volume, even for a full-sky survey, it is
important to realize the impact of the super survey modes
on the statistical power of the tSZ power spectrum. We
quantified the contribution based on the halo model
approach and addressed biases in parameter estimation.
However, it was found that the super survey covariance
is subdominant compared with the cNG term, which
is sourced from the trispectrum with a parallelogram
configuration.

In order to enhance the statistical significance, we
proposed that massive nearby galaxy clusters, which are
the dominant source of the trispectrum, should be masked
to suppress the contribution of the cNG term [37].

We proposed the cluster masking based on the integrated
Compton y parameter, which corresponds to the thermal
energy content in galaxy clusters, and the method enables
one to significantly reduce the cNG term. On the other
hand, even after masking clusters, the SSC remains because
it originates from relatively less massive clusters, similarly
to the power spectrum signal. Though the overall statistical
significance was improved, the SSC has an appreciable
effect and weakens the constraints on the parameters.
We have carried out Fisher forecasts on cosmological
parameters and the hydrostatic mass bias parameter through
the tSZ power spectrum measurement combined with the
results of Planck CMB anisotropy measurements. In
particular, the hydrostatic mass bias parameter, which
cannot be constrained with only primary CMB anisotro-
pies, can be tightly constrained through the tSZ power
spectrum. By masking clusters, the constraints on the
parameters related to the primordial power spectrum,
ie., A, and ng, and the hydrostatic mass bias parameter
improve. On the other hand, the SSC becomes important
because it persists after masking. For example, the con-
straint on the hydrostatic mass bias with covariance
including SSC is 10% larger than that with covariance
excluding SSC. Since the effect of SSC remains at all
scales, it is critical to incorporate the SSC for accurate
estimates on parameters for both ongoing and upcoming
observational surveys of the tSZ effect. Moreover, the
cluster masking loses the information from massive galaxy
clusters. In order to compensate for the loss, a joint analysis
with cluster counts is thought to be a practical solution
[9,67,68]. The method we developed in this paper increases
the potential of tSZ cosmology. Massive clusters with
significant tSZ signals on an individual cluster basis can
be used for cosmology, e.g., via the number counts of the
clusters. On the other hand, when those clusters are masked
from the power spectrum measurement, the tSZ power
spectrum can be used to estimate the cosmological param-
eters. Thus, we showed that massive clusters and other tSZ
clusters can play complementary roles in cosmology. This
direction is worth exploring further in more detail.
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