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The thermal Sunyaev-Zeldovich effect



Thermal Sunyaev-Zeldovich effect (tSZ):

Sunyaev-Zel’dovich E!ect

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

ΔTSZ / T0 = y ·SSZ(x)  →  −2y  (x≪1)

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

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

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

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

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

Throughout the paper, we adopt a flat fiducial ΛCDM cos-
mology with Hubble constant H0 = 70kms−1Mpc−1, matter
density parameter Ωm = 0.3. We express Hubble parameter
at redshift z as H(z) = H0E(z), where E2(z) = Ωm(1 + z)3 + ΩΛ.

2. CLUSTER INTRINSIC PROFILE
2.1. SZ effect

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

∆T
T

=
[
η
eη + 1
eη − 1

− 4
]
y≡ gνy, (1)

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

η =
hν

kBTCMB
=
hν0

kBT0
= 1.76

( ν0

100GHz

)
. (2)

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

y =
kBσT
mec2

∫ l

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

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

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

The total SZ signal is characterized by the integrated Comp-
ton parameter denoted as Y =

∫
ydΩ, where Ω is solid an-

gle. It can be written as D2
AY = (σT/mec2)

∫
PdV , where DA

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

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

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

Therefore the pressure profile found by Arnaud et al. (2010)
is universal for all clusters, i.e. its shape does not depend on
the detail size of the cluster, and the size is just a scale of the
whole profile. The profile is (x = r/R500)

P(x) = 1.65×10−3E(z)
8
3

[
M500

3×1014M!h−1
70

] 2
3 +αp+α′

p

× p̃(x)h2
70

[
keVcm−3] , (4)

where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1 − (αp + 0.1)

(x/0.5)3

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

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

p̃(x) =
P0

(c500x)γ [1 + (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.2 Ma, Hinshaw, & Scott
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where h70 = (h/0.7), αp = 0.12, and

α′
p = 0.1 − (αp + 0.1)

(x/0.5)3

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

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

p̃(x) =
P0

(c500x)γ [1 + (c500x)α](β−γ)/α , (6)

3 R500 is defined as the radius where the density contrast is 500.
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Virial theorem with , z = 0.37 M = 1012 − 1016M⊙

4

1012 M!–10
14 M! 1014 M!–10

16 M!

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

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

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

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

∫ rvir
0

ne(r)r2dr/
∫∞

0
ne(r)r2dr. Accord-

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

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

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

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

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

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

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

Our study is an example of a general class of large-
scale cross-correlations that are now becoming feasible,
thanks to the availability of deep multi-waveband surveys
over large fractions of the sky. Correlation of tSZ maps
with galaxies [25], with CMB lensing [26] and with X-rays
[27], plus the use of correlations with the kinetic SZ ef-
fect [28, 29], allow for a multi-faceted study of the role of
baryon physics in structure formation. Further improve-
ments in the quality of the data will require more so-
phisticated models than we have presented here, perhaps
involving direct comparison of diagnostics of the WHIM
with hydrodynamical simulations. Our results show that
most of the baryons are no longer missing, and indicate
that a full accounting of the cosmic baryon distribution
may soon be within reach.
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0.15 < z < 0.43

6 − 10 h−1Mpc
±6 h−1Mpc

⇒ Npair ≃ 260,000
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Figure 2. Top: The average Planck y map stacked against 262,864 LRG
pairs in a coordinate system where one LRG is located at (X ,Y ) = (�1,0)
and the other is at (X ,Y ) = (+1,0). The square region, �3 < X ,Y < +3,
comprises 151 ⇥ 151 pixels. Bottom: The corresponding y signal along the
X axis.

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

3.3 Null tests and error estimates

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

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

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

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

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

MNRAS 000, 1–10 (2017)
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Figure 4. Top: The residual y-map after the best-fit radial halo signals are
subtracted. Bottom: The residual tSZ signal along the X and Y axes.

4 INTERPRETATION

4.1 Systematic errors

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

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

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

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

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

Furthermore, there might be an effect due to the Planck
beam. We study the beam effect for the filaments using the BA-
HAMAS simulations. Using the smoothed y maps, the result is
�y = 0.84⇥ 10�8 in §5 and it is �y = 1.00⇥ 10�8 with the un-
smoothed y maps. With the study, we find that the beam dilutes
the amplitude of y-value by ⇠ 15%, although the mean separation
angle between the LRGs is ⇠ 0.7 deg, therefore, the beam effect
should not be significant in our study.

MNRAS 000, 1–10 (2017)

6 Tanimura et al.

Figure 6. Top: An average y map stacked against a catalog of LRG pseudo
pairs (see text for a definition). Middle: The residual y map after subtracting
the best-fit circular halos from the above map, using the same procedure
that was applied to the genuine pair stack. Bottom: The tSZ signal along the
X and Y axes of the residual map shown in the middle panel.

4.2 Unbound diffuse gas or bound gas in halos?

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

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

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

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

1 INTRODUCTION

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

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

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

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

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

c� 2017 The Authors
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The Upper limit of filament temperature

authors

PACS numbers: 98.80.Es, 95.35.+d, 98.62.Ra, 98.62.Sb,98.62.Ve

The Compton y-parameter of SZ e↵ect is

y =

Z
ne�T

kBTe

mec2
dl, (1)

For filament, the thickness is about 1 Mpc. Our work

finds the following upper limit

y < 1.2⇥ 10
�8, (2)

at 2� CL. Now we want to see what limit of the temper-

ature is.

For filament, it is an over-dense region, so

ne = ne,i(1 + �), (3)

where � is the density contrast of the filament, ne,i is the

average free electron density of the Universe.

ne,i =
�⇢b(z)

µemp

, (4)

where ⇢b(z) = ⇢b0(1 + z)3 = ⇢c⌦b(1 + z)3 is the baryon

density at redshift z. ⇢c is the critical density of the

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

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

4.3 Gas properties

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

y =
sTkB
mec2

Z
ne Te dl. (2)

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

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

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

ne(z) =
rb(z)
µemp

, (4)

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

2
1+c ' 1.14 is

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

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

y(r?) =
sTkBTe

mec2

Z R

r?

2r ne(r,z)q
r2 � r2

?

dr, (5)

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

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

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

We consider three density profiles,

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

ne(r) =
ne(0)p

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

ne(r) =
ne(0)

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

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

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

�y = 4.9⇥10�8 ⇥
✓

dc
10

◆✓
Te

107 K

◆✓
rc

0.5h�1 Mpc

◆
. (10)

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

dc

✓
Te

107 K

◆✓
rc

0.5h�1 Mpc

◆
= 2.7±0.5. (11)

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

5 COMPARISON WITH HYDRODYNAMIC
SIMULATIONS

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

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

In addition, we examine four independent realizations of the
WMAP9 cosmology and find that the mean residual tSZ signal
between central galaxy pairs varies by a factor of ⇠5, from �y =
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Cosmic voids stacking

Voids: 97,090 

Mean  (BOSS DR12)

Mean radius 
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Cosmic voids stacking

Modelling:



ne = n̄e(1 + δv)

Te = T̄e

 for ACT

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

Summary

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


                               consistent with simulation 

thermal SZ Pairs of LRGs Gas associated with filament is detected@  

thermal SZ SDSS Voids The void significance is detected at         and 

         for ACT and Planck respectively, which 
leads to a joint constraint on void underdensity 
and the temperature of warm gas inside the 
voids.

5rvir
M = 1012 − 1016M⊙

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

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


• By using multi-wavelength study, we are approaching the true examination of missing baryon problem

7.3σ
9.7σ

5.3σ


