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✦Cluster Core (r<0.2R500c)        

Heating, Cooling, & Plasma physics

1. AGN feedback (Mechanical/CR heating)
2. Dynamical Heating, Gas sloshing
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sedimentation
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Gas Accretion & Non-equilibrium phenomena 

1. Gas motions
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✦ Intermediate Region (r~R500c)  
Sweat Spot for Cluster Cosmology, but the physics 
of cluster cores and outskirts affects this region.
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Non-thermal Pressure Fraction Profiles

Lines = mean
Shades = scatter

Non-thermal pressure fraction is more universal when halos are defined 
with respect to the mean density than the critical density.

5

FIG. 3.— Dynamical state dependence of the Prand/Ptotal profiles at z = 0. The sample has been divided into three equal sized mass accretion rate bins as denoted
in the legend, shown in red, green and blue from most slowly to most rapidly accreting clusters. In the right panel the profiles have been renormalized by the ratio
of Eq 7 to Eq 8 for the mean � value in each bin, respectively, in order to remove the dynamical state dependence. The shaded regions denote the 1-� standard
error on the mean in each bin.

file with gas cooling and star formation physics. The average
� profiles are all within 1� between cluster samples with dif-
ferent physics between 0.1  r200m  1.5.

4.4. Fitting Formulae
In this section, we provide fitting formulae for the univer-

sal non-thermal pressure fraction and gas velocity anisotropy
profiles discussed in the previous sections. By using r200m for
the halo radius, our universal non-thermal pressure profile is
well-described by the following fitting formula,

Prand

Ptotal
(r) = 1 - A

⇢
1 + exp


-
✓

r/r200m

B

◆���
(7)

where the best fit parameters are A = 0.452 ± 0.001, B =
0.841±0.008, and � = 1.628±0.019. This formula provides
a good description of the mean profile with the accuracy of
about 10% in the radial range of 0.1  r/r200m  1.5 out to z =
1.5. The best fit line is plotted in the right panel of Figure 1.
In the Appendix, we also supply the adjusted fitting formula
for the scaling of radii with respect to critical. Despite using
r�c, we are still able to provide an accurate fit out to z = 1,
since the formula is based on the universal r�m profile.

As shown in the left panel of Figure 3, the varied mass ac-
cretion histories of the clusters in our sample is a major source
of scatter in the non-thermal pressure fraction profile. To ac-
count for the mass accretion rate, we provide a correction fac-
tor for the normalization of our fitting formula at z = 0 using
� as a parameter,

Prand

Ptotal
(r;z = 0)

= 1 - (0.491 - 0.024�200m)
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1 + exp
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,
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where we keep our best fit parameters B = 0.841 and � =
1.628 obtained earlier by fitting in the radial range of 0.1 
r/r200m  1.5. We use the best fit A (Equation (7)) values for
the profiles of each of the 65 clusters in our sample, with B
and � fixed at our best fit values, to determine the function of
�. In the right panel of Figure 3, we show the same three �
bins as in the left panel but renormalized using Equation (8),
fit using the mean � value in each bin respectively. The in-
clusion of this normalization correction factor decreases the
scatter in our sample at r200m from 0.067 to 0.053.

Previous attempts to characterize the non-thermal pressure
fraction have used the r200c (or r500c) as the cluster radius and
therefore have included an additional factors to account for
its strong redshift evolution (Shaw et al. 2010) and mass de-
pendence (Battaglia et al. 2012). We have confirmed that the
r200c profiles for our data are well fit by their fitting formulae
at z = 0.0 in Section A.

Lastly, we provide a fitting formula for the universal gas ve-
locity anisotropy profile shown in the right panel of Figure 4.
We adopt the following fitting formula,

�(r) =
(r/rt)-a

(1 + (r/rt)b)c/b , (9)

fit between 0.2  r/r200m  1.5, where the best fit param-
eters are rt = 1.083 ± 0.028, a = 2.643 ± 0.211, b = -5.637 ±
0.183 and c = -4.090 ± 0.169. The profile is well fit with the
accuracy of about 20% between 0.3  r/r200m  1.3 out to
z = 1.5.

5. SUMMARY AND DISCUSSION

In this work we presented the redshift and mass inde-
pendent non-thermal pressure fraction profile using a mass-
limited, cosmologically representative sample of 65 massive
galaxy clusters from a high resolution hydrodynamical cos-
mological simulation. This result is relevant in accounting for

At R500c 
18% at z=0 

30%  at z=1.5 

Redshift evolution!

1σ scatter

A=0.452 B=0.841 𝛾=1.628 

Nelson, Lau, Nagai, 2014

65 clusters from the Omega500 simulation



Origin of Scatter in the Non-thermal 
Pressure Profiles 

Strong dependence on the mass accretion history of clusters. 
Important implications for the HSE mass bias and the Y-M relation.

between z=0 and 0.5 
(Diemer & Kravtsov 2014)

Mass Accretion RateMore non-thermal pressure in  
strongly accreting clusters



Effects of Non-thermal pressure  
on the HSE mass bias

The Astrophysical Journal, 751:121 (9pp), 2012 June 1 Nelson et al.

Figure 3. Top: the time evolution of the mass bias (top) for three clusters, CL10, CL104, and CL6 at three radii r2500 (red, dotted), r500 (black, solid), and r200 (blue,
dashed). Bottom: the mass accretion history of the three clusters at r500, normalized by M500 at z = 0. The vertical gray line marks the beginning of the latest major
merger for each of the clusters. The red ticks mark the epochs in CL10 corresponding to the panels in Figures 1 and 2.
(A color version of this figure is available in the online journal.)

time following the merger, with a delay of approximately
∼0.5 Gyr between r2500 and r500 and between r500 and r200,
reflecting the shock propagation we observed in panels (d) and
(e) of Figure 2. Immediately following the peak, the hydrostatic
mass again underestimates the true mass and this negative bias
holds but steadily diminishes to z = 0.

For comparison, we also show in Figure 3 the evolution
of two clusters selected from our full sample of 16. CL104
is a massive cluster that forms from a complicated triple
merger at z ≈ 1.5 and remains mostly quiescent thereafter.
CL6 is intermediate in mass between CL10 and CL104, and
experiences a nearly one-to-one merger at z ≈ 0.6. Despite the
differences in merger history and z = 0 mass, the clusters show
remarkable similarity in their evolution. All three clusters have
peaks ∼1 Gyr following the identified merger, and show similar
relative offsets between the different radii.

Cluster CL104 shows less prominent merger characteristics
than seen in the other two clusters due to the triple merger,
resulting in broader and smaller amplitude peaks at each radius.
Following the major merger at z ≈ 1.5, CL104 also undergoes
a minor merger at z ≈ 0.25. However, this merger only has
a mass ratio of 10:1. Consequently, the minor merger does not
impact the cluster enough to have a significant effect of the mass
estimate.

By z = 0, the mass bias for all three clusters approaches
zero. However, it is important to note that even at z = 0 the
hydrostatic mass bias within r500 is still biased low by 5%–10%
in the outskirts.

3.1. General Trends in the Hydrostatic Mass Bias

The post-merger evolution in Figure 3 exists for all 16 clusters
in our simulated sample. This is shown explicitly in Figure 4,
where the average evolution in the hydrostatic mass bias is
plotted for the entire sample. The final major merger is identified
for each cluster (see Table 1) and used to define a common point

Figure 4. Averaged mass bias as a function of time elapsed since last merger
(in Gyr) for the 16 clusters. A more detailed discussion of this figure is located
in Section 3.1. The biases are plotted at radii r2500 (red, dotted), r500 (black,
solid), and r200 (blue, dashed). The error bars show the 1σ error on the mean at
r500.
(A color version of this figure is available in the online journal.)

between clusters with varied accretion histories. The hydrostatic
mass bias is measured at three separate radii, r2500, r500, and
r200, linearly interpolated to equally spaced times relative to the
last major merger, and averaged over the entire sample. Error
bars denote the error on the mean for r500. The error bars for
r2500 and r200 are comparable, and omitted for clarity. Note that
clusters that undergo low-redshift mergers will only contribute
to the low-tmerger portion of the figure. Consequently, while the
behavior exhibited in the early epochs of Figure 4 is an average
over the entire sample, the later epochs are necessarily biased to
a small number of early forming objects. We plot the evolution
of the mass bias to 9.25 Gyr following the last merger, at which
point fewer than three clusters contribute to the average.
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Figure 5. Top: fractional contribution of random motions to the total effective pressure (left) and pressure gradient (right). Bottom left: the components of the total
ICM energy. Bottom right: averaged corrected mass bias as a function of time elapsed since last merger (in Gyr) for the 16 clusters. In all figures, the quantities are
plotted at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue, dashed). Our sample is divided into relaxed and unrelaxed clusters at tmerger = 4 Gyr (marked by
the vertical dashed line). The error bars show the 1σ error on the mean at r500.
(A color version of this figure is available in the online journal.)

energy. Since the total energy remains constant, we can directly
associate the decrease in random kinetic energy with the increase
in thermal energy. This thermalization is in agreement with the
findings of Vazza et al. (2011) who show that the fraction of
turbulent energy to thermal energy increases with decreasing
time since major merger. This evolution in the thermal energy
has important implications for the behavior of cluster mass
proxies such as the integrated SZ flux (e.g., Nagai 2006; Shaw
et al. 2008; Yang et al. 2010) or the X-ray temperature (e.g.,
Ritchie & Thomas 2002; Rowley et al. 2004; Rasia et al. 2011),
which are sensitive to the thermal energy content of the ICM,
and will be explored in greater detail in future work.

It is interesting to ask at what point the large bulk velocities
associated with the merger progenitors reach equilibrium with
the new gravitational potential. We produce a corrected mass
estimate, Mtot, using Equation (3) and measuring the terms due
to random motions and rotation.

The lower right panel of Figure 5 shows the evolution of
Mtot following the merger. The period up to ≈2 Gyr following
the merger shows rapid evolution, with the mass bias ranging
from a positive 20% bias to a negative 10% bias. This is driven
primarily by the evolution in MHSE caused by the outwardly
propagating merger shock seen in Figure 1. The mean Mtot after
4 Gyr is essentially unbiased, with a mean of 0.3% and ≈8%
scatter at r500. This indicates that the velocities at this radius
have reached equilibrium with the cluster potential.

4.1. Correcting the Hydrostatic Mass Bias at z = 0

The dependence of Mtot on the time since major merger
suggests that a promising division between “relaxed” and
“unrelaxed” clusters may be obtained by splitting a sample
between objects that have and have not experienced a major
merger within the past 4 Gyr. This results in a sample of 10
relaxed clusters at z = 0 (see Table 1). Note that this includes all
six clusters in Nagai et al. (2007b) identified as relaxed clusters
based on morphological classification. Our relaxed subsample
also contains an additional four clusters that were missed by the
morphological classification scheme. This suggests that these
clusters, while dynamically relaxed, appear morphologically
disturbed in the X-ray images.

Figure 6 shows the average MHSE (solid red line) and Mtot
(solid black line) radial profiles for our relaxed clusters at z =
0. The inclusion of Mrot and Mrand in the calculation of Mtot
removes the bias that is apparent for MHSE out to ≈1.5 r500,
with a slight increase in scatter from 8% to 11% at r500 and 9%
to 10% at r200.

Since Prand is not accessible observationally, we propose
a model based on the average Prand profile measured in our
simulations. We neglect the contribution from rotation, which
is !2% of the mass correction beyond 0.7 r500, and also assume
velocity anisotropy, β = 1 − σ 2

t /2σ 2
r , is zero. While β is

nonzero and increases radially, we find that the inclusion of β as
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lies within the r500c of a previously identified cluster or if its M500c < 1011h-1M�. The
entire procedure is repeated for the next most dense dark matter particle until all potential
centers have been associated with a cluster or eliminated. This is a computationally effi-
cient mechanism for identifying isolated clusters in a simulation containing both N-body
and mesh mass components.

2.4.2 Cluster Profiles
For each simulation output we measure properties of the ICM under the assumption of
spherical symmetry following the methods described in Lau et al. (2009). A description
of the methods used is included here. We focus in this work on the estimate of cluster
mass provided by the thermal hydrostatic equilibrium equation,

MHSE(< r) = - r2

G⇢gas

dPth

dr
, (2.7)

where MHSE(< r) is the estimated mass within radius, r, and ⇢gas(r) and Pth(r) are the gas
density and thermal pressure, respectively. These are measured within spherical shells,
logarithmically-spaced in radius from the cluster center.

We also measure the contribution of isotropic pressure from random gas motions,

Prand =
1
3
⇢gas
�
�2

r +�2
t

�
, (2.8)

where �2
r and �2

t are radial and tangential velocity dispersions measured in spherical shells,
using the peculiar velocity of the cluster dark matter within r500c to define a rest frame. In
the absence of radiative cooling, rotational velocities are negligible outside ⇠ 0.2r500c, as
was seen in Lau et al. (2009), however for completeness we treat their contribution to the
effective pressure support separately.

Following Lau et al. (2009), we treat the random gas motions using approach similar to
the treatment of the dynamical collision-less system using the Jeans equation (Binney and
Tremaine, 2008). The total mass of the cluster within a radius r can be split into separate
components corresponding to different terms of the Jeans equation,

Mtot(< r) = MHSE + Mrand + Mrot + Mcross + Msteaming. (2.9)

The streaming and cross terms are small, and we neglect them throughout this work unless
stated otherwise. Similarly, the rotational component is small contribution outside the
cluster core and is also neglected unless otherwise stated.

The primary component, from random gas motions, is given by

Mrand(< r) =
-r2

G⇢gas

 
@
�
⇢gas�2

r

�

@r

!
- r

G
�
2�2

r -�2
t

�
. (2.10)

Note that, unless stated otherwise, spherical symmetry for the gravitational potential and

24

Non-thermal pressure due to random gas motions is one of the most dominant 
sources of systematic uncertainties in the HSE mass estimates of galaxy clusters.

Nelson et al. 2012



Correcting the HSE mass bias

By accounting for non-thermal pressure from random gas motions, it is possible to 
recover the true mass for clusters with tmerge>4Gyr.
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Figure 5. Top: fractional contribution of random motions to the total effective pressure (left) and pressure gradient (right). Bottom left: the components of the total
ICM energy. Bottom right: averaged corrected mass bias as a function of time elapsed since last merger (in Gyr) for the 16 clusters. In all figures, the quantities are
plotted at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue, dashed). Our sample is divided into relaxed and unrelaxed clusters at tmerger = 4 Gyr (marked by
the vertical dashed line). The error bars show the 1σ error on the mean at r500.
(A color version of this figure is available in the online journal.)

energy. Since the total energy remains constant, we can directly
associate the decrease in random kinetic energy with the increase
in thermal energy. This thermalization is in agreement with the
findings of Vazza et al. (2011) who show that the fraction of
turbulent energy to thermal energy increases with decreasing
time since major merger. This evolution in the thermal energy
has important implications for the behavior of cluster mass
proxies such as the integrated SZ flux (e.g., Nagai 2006; Shaw
et al. 2008; Yang et al. 2010) or the X-ray temperature (e.g.,
Ritchie & Thomas 2002; Rowley et al. 2004; Rasia et al. 2011),
which are sensitive to the thermal energy content of the ICM,
and will be explored in greater detail in future work.

It is interesting to ask at what point the large bulk velocities
associated with the merger progenitors reach equilibrium with
the new gravitational potential. We produce a corrected mass
estimate, Mtot, using Equation (3) and measuring the terms due
to random motions and rotation.

The lower right panel of Figure 5 shows the evolution of
Mtot following the merger. The period up to ≈2 Gyr following
the merger shows rapid evolution, with the mass bias ranging
from a positive 20% bias to a negative 10% bias. This is driven
primarily by the evolution in MHSE caused by the outwardly
propagating merger shock seen in Figure 1. The mean Mtot after
4 Gyr is essentially unbiased, with a mean of 0.3% and ≈8%
scatter at r500. This indicates that the velocities at this radius
have reached equilibrium with the cluster potential.

4.1. Correcting the Hydrostatic Mass Bias at z = 0

The dependence of Mtot on the time since major merger
suggests that a promising division between “relaxed” and
“unrelaxed” clusters may be obtained by splitting a sample
between objects that have and have not experienced a major
merger within the past 4 Gyr. This results in a sample of 10
relaxed clusters at z = 0 (see Table 1). Note that this includes all
six clusters in Nagai et al. (2007b) identified as relaxed clusters
based on morphological classification. Our relaxed subsample
also contains an additional four clusters that were missed by the
morphological classification scheme. This suggests that these
clusters, while dynamically relaxed, appear morphologically
disturbed in the X-ray images.

Figure 6 shows the average MHSE (solid red line) and Mtot
(solid black line) radial profiles for our relaxed clusters at z =
0. The inclusion of Mrot and Mrand in the calculation of Mtot
removes the bias that is apparent for MHSE out to ≈1.5 r500,
with a slight increase in scatter from 8% to 11% at r500 and 9%
to 10% at r200.

Since Prand is not accessible observationally, we propose
a model based on the average Prand profile measured in our
simulations. We neglect the contribution from rotation, which
is !2% of the mass correction beyond 0.7 r500, and also assume
velocity anisotropy, β = 1 − σ 2

t /2σ 2
r , is zero. While β is

nonzero and increases radially, we find that the inclusion of β as

7



Effects of Non-thermal pressure  
on the Y-M relation

Evolution of non-thermal pressure drives deviations of Y-M relation 
from the self-similar relation

Yth+Ynt

Yth

2

tential of the SZE surveys, we must understand the origin of
bias, scatter, and evolution in the Y - M relation and devise
a technique to control their systematic uncertainties to better
than a few percent for a wide range of masses and redshifts.

In this work, we use the Omega500 high-resolution cosmo-
logical simulation to demonstrate that the scatter, bias, and
evolution in the Y - M relation are governed primarily by the
evolution of the non-thermal pressure provided by internal gas
motions generated by major mergers. To characterize the ef-
fects of mergers, we use detailed merger trees to track each
cluster’s formation history and directly examine the effects of
major mergers on the scaling relation. We first show that large
deviations from the scaling relation in unrelaxed systems are
due to a large influx of non-thermal pressure from random
gas motions generated by major mergers. We also find that
the scaling relation departs from self-similarity at high red-
shift where mergers are more ubiquitous. By accounting for
the missing non-thermal energy contribution, we demonstrate
explicitly that the thermal plus non-thermal pressure exhibits
remarkable regularity and reduced scatter at all redshifts, in-
dicating that major mergers are a dominant source of uncer-
tainty in this relation.

This paper is organized as follows: in Section 2 we describe
the thermal SZE and present relevant scaling relations pre-
dicted by the self-similar model, as well as previous results on
the evolution of thermal pressure support after major mergers;
in Section 3 we describe the Omega500 cosmological simu-
lation; in Section 4 we present our analysis and interpretation
of the evolution of SZE-mass scaling relations; finally, in Sec-
tion 5, we summarize our findings and discuss their implica-
tions for current and future SZE cluster surveys.

2. THEORETICAL FRAMEWORK

2.1. Thermal SZE
The thermal SZE is a distortion in the CMB spectrum

produced by the inverse Compton scattering of CMB pho-
tons off free electrons in dense structures such as clusters
of galaxies (Sunyaev & Zeldovich 1970, 1972). This scat-
tering causes a small change in the mean photon energy as
�⌫/⌫ ' kBT/(mec2) ⇠ 10-2, where ⌫ is the frequency of the
CMB photon and me is the electron rest mass. As a result,
the intensity of the CMB spectrum increases in the high-
frequency (Wien) end and decreases in the low-frequency
(Rayleigh-Jeans) tail. The corresponding brightness fluctu-
ation in the CMB is of order ⇠ 10-4, about an order of mag-
nitude larger than the fluctuations from primary anisotropies.

The change in the CMB specific intensity at a frequency
⌫ caused by the thermal SZE is proportional to the line-of-
sight integral of the number density (ne) and temperature (Te)
of electrons, and is given by �I⌫/ICMB = f⌫(x)g⌫(x)y, where
x ⌘ h⌫/kBTCMB, f⌫(x) = x(ex + 1)/(ex - 1) - 4, and g⌫(x) =
x4ex/(ex - 1)2. The dimensionless Comptonization parameter
y is defined as

y ⌘ kB�T

mec2

Z
ne(l)Te(l)dl (1)

where c is the speed of light, and �T is the Thomson cross-
section. This equation corresponds to the integrated line-
of-sight thermal pressure of the intracluster gas, which is
approximated as P = nekBT in the ideal gas limit. The
corresponding change in the CMB temperature is given by
�T⌫/TCMB = f⌫(x)y. In the Rayleigh-Jeans limit (⌫ ⌧
200GHz), �T⌫/TCMB = -2y and �I⌫ = (2kB⌫2/c2)�T⌫ .

Let us now consider the SZE signal arising from a clus-
ter located at redshift z. The SZE flux integrated across the
surface of a cluster is defined as the integrated Compton-y pa-
rameter YSZ :

Y ⌘
Z

⌦
yd⌦ =

1
d2

A(z)

✓
kB�T

mec2

◆Z

V
ne(l)Te(l)dV, (2)

and d⌦ = dA/d2
A(z) is the solid angle of the cluster subtended

on the sky (the integral is taken over the volume of the clus-
ter), dA(z) is the angular diameter distance to the cluster, dA is
the area of the cluster on the sky, and dV is the cluster volume.
Y measures the total thermal energy of a cluster.

The thermal SZE signal is linearly sensitive to gas mass
Mgas = fgasM and mass-weighted temperature Tm:

Y / fgasMTm. (3)

where fgas is the gas mass fraction and M is the total cluster
mass. In this work, we use a spherically integrated Y within
a radius of interest around the cluster center, rather than the
projected Y derived from observations. This enables our work
to focus on the direct effects of mergers and dynamical state
on Y .

2.2. Self-similar Scaling Relations
In the absence of cooling and heating processes, clusters

are expected to scale self-similarly (Kaiser 1986). The self-
similar model predicts that the temperature of the gas scales
with the cluster mass as

M / T 3/2
m E-1(z) (4)

where M ⌘ 4⇡r3
��c⇢crit/3 is the halo mass enclosed within

r�, defined as a radius of spherical volume within which the
mean density is �c times the critical density, ⇢crit, at that red-
shift (Bryan & Norman 1998). E(z) is the redshift-dependent
Hubble parameter, defined as H(z) = 100hE(z) km s-1Mpc-1,
and it is given by E2(z) = ⌦M(1+z)3 +⌦⇤ for a flat cosmology.

Inserting Eq. 4 into Eq. 3, we obtain the SZE scaling rela-
tion predicted by the self-similar model,

Y / fgasM5/3E2/3(z), (5)

where fgas is taken to be constant in the self-similar model,
such that Y / M5/3E2/3(z). In practice, we fit a straight line
to the lnY - lnM relation by minimizing �2, where the best-fit
relation is given by

lnYf it = lnA14 +↵ ln
✓

M
1014h-1M�

◆
+ 2

3
lnE(z), (6)

where lnA14 is the normalization constant of the best-fit rela-
tion at M = 1014h-1M� and ↵ is the best-fit slope. Note that
↵ = 5/3 from the self-similar prediction.

Throughout this paper, we consider Y , mass and other clus-
ter properties within two commonly used radii, defined by the
total matter overdensity they enclose and chosen for their rel-
evance to X-ray and SZ observations. We use radii r500c and
r200c, enclosing overdensities of �c = 500 and 200 times the
critical density of the universe, ⇢crit and radius r200m enclos-
ing overdensities of �m = 200 times the mean density of the
universe.

Yu, Nelson, Nagai 2015



Effects of Non-thermal pressure  
on scatter of the Y-M relation

More relaxed clusters lie preferentially above the relation, unrelaxed below.
Including non-thermal pressure removes this dependence.

σ = 0.054

σ = 0.123

σ = 0.085

Relaxed'Only:'



Physics of SZ Cluster Selection
6

FIG. 5.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their YSZ(< 3R500c) (from high to low).White
dashed circles indicate R500c.

Thermal SZ effect images of 65 galaxy clusters from the Omega500 simulation project 
ordered by Ysz(<3r500c)
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FIG. 5.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their YSZ(< 3R500c) (from high to low).White
dashed circles indicate R500c.

Thermal SZ effect images of 65 galaxy clusters from the Omega500 simulation project 
ordered by Ysz(<3r500c)



Physics of SZ Cluster Selection

Selection based on M(<r500c)

Selection based on Ysz(<r500c) - ACT/SPT

Selection based on Ysz(<3r500c) - Planck
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FIG. 4.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their M500c (from high to low).White dashed circles
indicate R500c.
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FIG. 5.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their YSZ(< 3R500c) (from high to low).White
dashed circles indicate R500c.
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FIG. 6.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their Y 500c
SZ (from high to low).White dashed circles

indicate R500c.
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FIG. 5.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their YSZ(< 3R500c) (from high to low).White
dashed circles indicate R500c.
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FIG. 6.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their Y 500c
SZ (from high to low).White dashed circles

indicate R500c.

Planck select clusters with high degree of thermalization with 
extended pressure envelope

Physics of SZ Cluster Selection



Selection based on M(<r500c)

Selection based on Ysz(<r500c) - ACT/SPT

Selection based on Ysz(<3r500c) - Planck

5

FIG. 4.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their M500c (from high to low).White dashed circles
indicate R500c.

6

FIG. 5.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their YSZ(< 3R500c) (from high to low).White
dashed circles indicate R500c.

7

FIG. 6.— Collage of the thermal SZ maps for the sample of 65 simulated galaxy clusters at z = 0 ordered by their Y 500c
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ACT & SPT select merging clusters with high pressured cores

Physics of SZ Cluster Selection



Challenges & Questions
1. Mass Calibration: How robust is the theoretical estimate of the HSE mass bias (e.g., non-
thermal pressure, ICM density/temperature inhomogeneities, profile fitting techniques)? 
Can we use them to correct for the HSE mass bias or check with lensing? What 
observations do we need (lensing mass calibration, ASTRO-H, Pressure/SB fluctuations)? 

4. Selection function: X-ray/SZ/optical surveys select different clusters! Key: dynamical states 
and cool core (CC) fractions and their evolution. How to characterize dynamical states 
(morphological classification, radio relics)? Can we model CC fraction and evolution? 

3. Irreducible biases: e.g., undetected gas clumps/filaments and gas accelerations. Can 
we measure them or need inputs from simulations? Are simulations sufficiently reliable?

2. Can we improve on the robust mass proxy (e.g., Yx-M)? Are the ICM profiles really 
“universal” (critical vs. mean, dependence on dynamical states/MAH, clumps/filaments)? 
Can correct for the non-thermal pressure to make the profiles and scaling relations more 
self-similar and/or reduce scatter? Why mass? What about gravitational potential?

5. Alternative approaches for cluster cosmology: SZ power spectrum, higher-order 
moments, cross-correlations? No cluster mass! More than a nice cross-check?



9. Impact of AGN feedback: What is the sphere of influence of AGN feedback? Does it 
affect the ICM properties in cluster outskirts (e.g., Planck pressure profile, small-scale 
gas clumps, metallicity)? Also need to model CC and NCC. What is the minimalistic 
AGN feedback model?

10. ICM micro-physics: How well can we model ICM micro-physics (e.g., viscosity, 
conduction, magnetic field, cosmic-rays, e-p equilibration, plasma instabilities) ab initio? 
How well can we constrain them observationally (radio/X-ray/𝛾-ray)?

7. Do clusters have a well-defined edge? Shock radius (for gas) & Splash-back radius 
(for DM)? Is Rshock ≈ Rsp? Can model this analytically? How do clusters accrete mass 
and shape the structure and dynamics of dark matter and gas in cluster outskirts?

8. Bulk and turbulent gas motions: How robust are the model predictions (viscosity, MTI 
instability)? Need observational constraints at large radii! ASTRO-H? Pressure/SB 
fluctuations? kSZ imaging? SZ power spectrum? Athena+/SMART-X? Radio/𝛾-ray?

Challenges & Questions
6. Physics of Cluster Outskirts: How well do we understand the physics of cluster 
outskirts? Non-thermal pressure, ICM inhomogeneities in density, temperature and 
metallicity, e-p process and filaments. Small effect (<10%) at R500c and larger in outskirts. 
What else? How well do simulations and observations agree?


