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OVERVIEW

• Cluster Cosmology in a Nutshell 

• The Halo Mass Function 

• How do we Measure Cluster Properties? 

• Scaling Relations 

• Recent results (with a focus on SPT)
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CONTENT

THE UNIVERSE
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dark matter halo

The Q Continuum Simulation: Heitmann et al., 2015 (arXiv:1411.3396)

1. Predict abundance of halos as a 
function of cosmology using 
numerical simulations 

2. Measure number of galaxy 
clusters in a given survey as a 
function of mass and redshift 

3. Learn about cosmology 

z=0

z=2



CLUSTER MASS DEFINITIONS

• Cluster masses usually defined as MΔ, which is mass enclosed 
within a sphere of radius rΔ, whose average density is Δ*ρ 

• defined with respect to ρmean or ρcritical 

• Δ = 500c used for X-ray because only inner part is bright 

• Δ = 200c used for weak grav. lensing and velocity dispersions 

• In simulations, also consider friend-of-friend (FoF) masses with 
linking length b ~ 0.2
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DE HAAN ET AL. 2016 (SPT COLLABORATION)

CONSTRAINTS ON FLAT LCDM MODEL
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N-BODY VS. HYDRODYNAMIC SIMULATIONS

Structure formation in numerical simulations

• gravity-only 

• (relatively) cheap 

• no free parameters

8

• gravity & gas 

• more expensive 

• complicated sub-grid 
physics such as star 
formation, feedback from 
active galactic nuclei



SB ET AL. 2016 (ARXIV:1502.07357)

HALO MASS FUNCTION
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SEBASTIAN BOCQUET - ANL NOVEMBER 15 2016

MAGNETICUM HYDRODYNAMIC SIMUL ATIONS: UP TO (3.8 MPC)3 (K. DOL AG+)

IMPACT OF BARYONS ON THE HMF
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CALIBRATE THE COSMOLOGICAL DEPENDENCE

HMF - OUTLOOK

• Run simulations for a range of 
different cosmologies and mass 
definitions 

• Use emulator to interpolate to 
desired cosmology
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12 The Mira-Titan Universe: Precision Predictions for Dark Energy Surveys
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FIG. 11.— Coverage of mass function model space with the simulation
design described in this paper at z = 0 (red). The dark blue lines show the test
models and the light blue line the fiducial ⇤CDM mass function. All models
are based on assuming universality is valid over the full parameter range. This
assumption is valid at the ⇠ 10% level of accuracy.

with regard to pushing the mass range too far. In future work,
following the discussion in Lukić et al. (2007), we will include
careful investigations on finite volume effects in our simula-
tions allowing us to push to higher masses. We will provide a
more detailed discussion on this topic in a forthcoming paper,
where we focus solely on the mass function.

6.2. Emulator Performance

In order to test the emulator performance following the de-
sign strategy outlined in Section 3, we need a mass function
surrogate – just as we used linear theory for the power spec-
trum. First suggested in Jenkins et al. (2001), writing the mass
function in terms of �(M) allows for an almost universal de-
scription of the friends-of-friends (FOF) mass function for a
linking length of b = 0.2 that depends only on the linear power
spectrum. Over time this universality has been investigated in
detail (see, e.g., Reed et al. 2007; Cohn & White 2008; Lukić
et al. 2007; Tinker et al. 2008; Crocce et al. 2010; Courtin et
al. 2010; Bhattacharya et al. 2011) with the conclusion that for
the specific definition of the b = 0.2-FOF mass function, uni-
versality holds at the 10% level accuracy over a wide range of
cosmologies. We use this result in the following to investigate
the accuracy of a mass function emulator over the parameter
space discussed in this paper.

We use the universal form of the mass function given in
Eq. (16) by Bhattacharya et al. (2011) to generate mass function
predictions for all our models. Figure 11 shows the model space
covered by the simulation campaign described in this paper as
well as the test cosmological models used to gauge the emula-
tor accuracy. The ⇤CDM model used throughout the paper is
also shown.

Based on these mass function predictions, we build an em-
ulator in the same way as for the power spectrum. Figure 12
shows the results for the emulator predictions for the test mod-
els at z = 0. The first two panels show the results from an emu-
lator based on 26 and 36 models. The accuracy of the emulator
is already within 5%, a very encouraging result. Increasing the
number of models to 55 (65 including the m⌫ = 0 models) re-
duces the prediction error to ⇠ 3%, and the final results for 101
and 111 models promise to yield inaccuracies at the 1% level
over an 8-dimensional parameter space. This leads us to the
conclusion that if the mass function prediction from the sim-
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FIG. 12.— Emulator test: An emulator for the mass function is built from
up to 101 and 111 models, assuming universality. Next, the mass functions
for 10 additional models are predicted with the emulator and compared to the
prediction assuming universality. Shown is the ratio of prediction to “truth”,
the emulator predictions are accurate at the 1% level (dashed line) over the
full mass range once 101 (111) models are considered. The upper panels show
the prediction for emulator based on 26 and 36 models, the middle panels are
based on 55 and 65 models, and for the predictions shown in the lower panels
all 101 and 111 models were used. As before, the right panels include the
addition 10 simulations with m⌫ = 0.

ulation can be provided at sufficient accuracy, building highly
accurate emulators will be straightforward.

7. BEYOND THE POWER SPECTRUM AND MASS FUNCTION

7.1. Emulators

In the previous sections we have shown examples of two pre-
cision emulators to be built from the Mira-Titan Universe cam-
paign targeted to impacting analysis of data from ongoing and
upcoming dark energy surveys. The outlined simulation cam-
paign lends itself to building many more emulators. One such
example is a concentration-mass (c - M) emulator. In Kwan et
al. (2013a) it was shown that an accurate c - M emulator can be
built from a small set of simulations – the paper was based on
an augmented set of Coyote Universe simulations. The Mira-
Titan Universe volume and mass and force resolution is suffi-
cient to generate predictions for the c - M relation over a mass
range covering groups to cluster scales. Figure 13 shows the
c - M relation measured from the Mira-Titan Universe run at
z = 0. Given the intrinsic scatter in the c - M relation, the statis-
tics obtained from the Mira-Titan Universe simulation are more
than sufficient to derive accurate c-M relation predictions over
the mass range shown. Each halo here is resolved with at least
1000 particles to provide well-sampled halos when determining
the concentration (for details about the concentration measure-
ments, see Bhattacharya et al. 2013). For comparison, we show
the best fit power law derived from the Q Continuum simu-

FoF HMF emulator  
(Heitmann et al. 2016)

LSST$Dark$Energy$Science$Collabora4on$Oxford$Mee4ng$–$20$July$2016

The Mira-Titan Universe

• Extend parameter space to include varying 
w(z) and massive neutrinos 

• Build “nested designs”: enable to build 
emulator from first set of 26 models, improve 
with additional 29 models, final precision with 
101 models overall 

• Various emulators for P(k), mass function, c-M 
relation, RSD predictions, derived quantities...

Parameters

Heitmann et al. 2015

Mass function

26 model emulator

55 model emulator

101 model emulator
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… SO WHAT ARE THEIR MASSES?

THESE ARE GALAXY CLUSTERS…

14

Credit: NASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer, 
and the HFF Team (STScI) 

 http://www.spacetelescope.org/images/heic1401a/ 

Credit: NASA, ESA, the Hubble Heritage Team (STScI/AURA), J. 
Blakeslee (NRC Herzberg Astrophysics Program, Dominion Astrophysical 

Observatory), and H. Ford (JHU) http://www.spacetelescope.org/
images/heic1317a

http://www.spacetelescope.org/images/heic1401a/
http://www.spacetelescope.org/images/heic1317a


WHAT IS A GALAXY CLUSTER?
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thermal Bremsstrahlung (X-ray)

Sunyaev-Zel’dovich 
effect (mm)

weak gravitational 
lensing 

(optical / mm)



MOST MASSIVE CLUSTER KNOWN AT Z > 1, FOLEY ET AL. 2013

SZ / NIR OBSERVATIONS

16

SPT-CL J2106-5844 at z
 
= 1.133



The South Pole Telescope
• (Sub) millimeter wavelength telescope 

– 10 meter aperture 
– 1’ FWHM beam at 150 GHz 
– 5 arcsec astrometry 

• mm-wave receiver 
– 1 deg2 FOV 
– 3 bands: 95 GHz, 150 GHz, 220 GHz 
– Depth ~ 15-60 µK-arcmin 

• Observed the CMB over >2500 deg2

Image credit: Nicholas Huang & Robert Citron



Sunyaev-Zel’dovich Effect (SZE)

• About 1% of CMB photons scatter 
• SZE flux proportional to total 

thermal energy in the electron 
population 

• SZE surface brightness is 
independent of redshift

from
 L. Van Speybroeck
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SZ AND X-RAY SURVEYS
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Fig. 6.— Comparison of the 2500 deg2 SPT-SZ cluster catalog to other X-ray and SZ-selected cluster samples. Here we plot the estimated
mass versus redshift for the 516 optically confirmed clusters from the SPT catalog, 91 clusters from the ACT survey (Marriage et al. 2011;
Hasselfield et al. 2013), 809 SZ-selected clusters from the Planck survey (Planck Collaboration et al. 2014a), and 740 X-ray clusters selected
from the ROSAT all-sky survey (Pi↵aretti et al. 2011) with M500c � 1 ⇥ 1014 h�1

70 M�. We mark 68%-confidence lower limits for the
redshifts of the three high-redshift SPT systems for which the Spitzer redshift model is poorly constrained (right arrows). We plot clusters
in common between SPT and the other datasets (see e.g., Table 5) at the SPT mass and redshift and, for common clusters in the other
datasets, at the mass and redshift of the dataset in which the cluster was first reported. While the SPT data provides a nearly mass-limited
sample, the cluster samples selected from ROSAT and Planck data are redshift-dependent owing to cosmological dimming of X-ray emission
and the dilution of the SZ signal by the large Planck beams, respectively.

861 confirmed clusters from the all-sky Planck survey
(Planck Collaboration et al. 2014a); and the 91 clusters
that comprise the ACT cluster sample (Marriage et al.
2011; Hasselfield et al. 2013).
The mass threshold of the SPT sample declines slightly

as a function of redshift owing to a combination of e↵ects.
At low redshifts (z < 0.3), increased power at large an-
gular scales from primary CMB fluctuations and atmo-
spheric noise raises the mass threshold for a fixed ⇠ cuto↵
(see e.g., Vanderlinde et al. 2010), while at higher red-
shifts the detectability of clusters is enhanced owing to
increased temperatures for clusters of fixed mass. How-
ever, both of these trends are shallow, and the nearly
redshift-independent selection function of the SPT cata-
log stands in contrast to the strong redshift dependence
in X-ray catalogs and the Planck sample. The mass
threshold for X-ray catalogs is redshift-dependent owing
to cosmological dimming of the X-ray emission, while the
redshift dependence of the Planck sample is driven by the
dilution of the small angular-scale signal of high-redshift
clusters by the large Planck beam (70 at 143 GHz).
We search the literature for counterparts to SPT can-

didates. We query the SIMBAD11 and NED12 databases

11 http://simbad.u-strasbg.fr/simbad
12 http://nedwww.ipac.caltech.edu/

as well as the union catalog of SZ sources detected by
Planck (Planck Collaboration et al. 2014a) for counter-
parts. For confirmed clusters with z  0.3 we utilize
a 50 association radius; otherwise we match candidates
within a 20 radius. All matches are listed in Table 5;
we discuss potential false associations in the footnotes of
this table. Additionally, we associate the brightest clus-
ter galaxies in two clusters (SPT-CL J0249�5658 and
SPT-CL J2254�5805) with spectroscopic galaxies from
the 2dF Galaxy Redshift Survey (Colless et al. 2003) and
the 6dF Galaxy Survey (Jones et al. 2009), respectively.
In total, 115 of the SPT candidates are found to have
counterparts in the literature (14 of these clusters were
first discovered in SPT data). We report the new discov-
ery of 251 clusters here, increasing the number of clusters
first discovered in SPT data to 415. We highlight par-
ticularly noteworthy systems below, and a subset of the
SPT cluster catalog is shown in Figure 8.

6.1. Cluster Mass Estimates

We provide estimated masses for all confirmed clus-
ters in Table 4. These estimates, determined from each
cluster’s ⇠ and redshift, are based upon the methodol-
ogy presented in Benson et al. (2013) and R13 but are
reported here for a fixed flat ⇤CDM cosmology—with
�8 = 0.80, ⌦

b

= 0.046, ⌦
m

= 0.30, h = 0.70, ⌧ = 0.089,

X-raySZ



SPT-3G, EROSITA

(SOME OF THE) UPCOMING SURVEYS
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Benson et al. 2014



USEFUL FEATURE IN COLOR-MAGNITUDE SPACE

CLUSTER RED SEQUENCE

22

Stott et al. 2009

RED-SEQUENCE MATCHED-FILTER PROBABILISTIC PERCOLATION 
CLUSTER FINDER (REDMAPPER, RYKOFF ET AL.)



0.07 < Z < 1.12 (HENNIG ET AL. 2016)

RED SEQUENCE OF SPT CLUSTERS IN DES
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10 C. Hennig et al.

ri 0.62
-1.0

-0.5

0.0

∆
 c

o
lo

r R
S

iz 0.77

iz 0.84

-1 0 1 2

m-m*
mod

-1.0

-0.5

0.0

∆
 c

o
lo

r R
S

iz 1.01

-1 0 1 2

m-m*
mod

ri 0.45ri 0.38
-1.0

-0.5

0.0

∆
 c

o
lo

r R
S

gr 0.29
gr 0.15
RS line

-1.0

-0.5

0.0

∆
 c

o
lo

r R
S

 0

 0.1

 0.2

 0.3

-1 -0.5  0

p
(∆

co
lo

r R
S
)

∆colorRS

iz 0.84

 0

 0.1

 0.2

 0.3

p
(∆

co
lo

r R
S
)

ri 0.62

 0

 0.1

 0.2

 0.3
iz 0.77

 0

 0.1

 0.2

 0.3

p
(∆

co
lo

r R
S
)

gr 0.15

 0

 0.1

 0.2

 0.3
gr 0.29

 0

 0.1

 0.2

 0.3
ri 0.45

 0

 0.1

 0.2

 0.3

p
(∆

co
lo

r R
S
)

ri 0.38

-1 -0.5  0

 0

 0.1

 0.2

 0.3

∆colorRS

iz 1.01

Figure 6. Stacked cluster galaxy color–magnitude distributions (left) for the 8 different redshift bins (see Table 2). The magnitude scale
is defined relative to the m⇤(z) of our passive evolution model, and the color offset is defined with respect to our tilted RS model (see
Section 3.1.1). A common grey scale across all bins represents the completeness corrected and background subtracted number density of
galaxies per magnitude and color bin. The RS is clearly apparent at all redshifts, extending cleanly to m⇤ + 2 in the lower redshift bins.
On the right is the stacked galaxy color distribution for the same redshift bins. All distributions are normalized to unit area. At higher
redshift the distribution of galaxies bluer than the RS grows more prominent, and the RS has lower contrast.

The observed width of the RS Gaussian increases to higher
redshift, and its contrast relative to the non-RS galaxy pop-
ulation falls. As examined in Section 4.1.3, this growth in RS
width is driven by the increased color measurement uncer-
tainty in the fainter galaxies together with some potential
increase in its intrinsic width. The RS population is domi-
nant at lower redshift, where the non-RS galaxies appear as
an "extended wing" to the RS population, and at redshifts
z ' 0.77 the non-RS and RS populations become less easily
distinguishable.

4.1.2 Red Sequence Selection

In the analyses that follow we examine the RS and non-RS
populations. When examining the RS population we assign
an individual galaxy i in the j-th redshift bin a likelihood
P (c

i

, z
j

) of being a RS member that depends on its color c
i

and on the color distribution from the corresponding stack:

P (ci, zj) =
A(zj) exp� (

ci�c(zj))
2

2�(zj)
2

Pobs(ci, zj)
(5)

where A(zj), �(zj) and c(zj) denote the amplitude, width and
color offset of the RS Gaussian in redshift bin zj. Pobs(ci, zj)
denotes the observed color distribution at the given color
ci and in the j-th redshift bin. In the analyses that follow
each galaxy is weighted with this probability, enabling us
to carry out a meaningful study of the RS population over
a broad redshift range accounting for variation in intrinsic
scatter and changes in the color measurement uncertainties.

To examine our RS selection we create pseudo-color im-
ages of our color-selected galaxy population as shown in Fig-
ure 7. The top row of Figure 7 marks galaxies with likeli-
hood P (ci, zj) � 90% to be part of the cluster RS popu-
lation. These galaxies all have similar red colors. In con-
trast, the bottom row contains galaxies with a likelihood
P (ci, zj)  20% of being RS members. These are typically
blue spirals. The middle row contains galaxies with likeli-
hoods of P (ci, zj) ⇠ 40% of being RS galaxies. They have
colors that place them between the RS and the newly in-
falling spirals from the field.

Figure 7. Image gallery of galaxies at R < R200 within the field of
SPT-CL J2351-5452. The top row contains 4 examples of galax-
ies with a high likelihood (� 90%) of being RS members, and the
second row shows galaxies with intermediate likelihood (⇠ 40%).
We note that these constitute a population of galaxies whose col-
ors lie between those of the RS and the bluer spirals. The third
row contains galaxies with a low likelihood ( 20%) of being RS
members. The majority of these are bluer disk galaxies.

The behavior seen in SPT-CL J2351-5452 (Figure 7) is
similar to that in other clusters in our sample. Thus, through
visual inspection of our sample we confirm that the color
selection based on the projected color stacks in Section 4.1
is reasonably separating the RS population from the blue
cluster population.

4.1.3 Red Sequence Intrinsic Width

The stacked color distributions in Figure 6 also provide con-
straints on the change of the intrinsic scatter of the RS with
redshift. The RS width reflects the diversity of the stellar
populations (metallicity, age and star formation history) and
extinction within the passively evolving component of the
cluster galaxy population. Often the width of the red se-
quence is interpreted only in terms of constraints on the age
variation in the stellar populations (e.g., Kodama & Arimoto
1997; Bernardi et al. 2005; Gallazzi et al. 2006).

To extract the intrinsic scatter we determine the color

MNRAS 000, 1–22 (2016)



EXAMPLE OPTICAL SURVEYS

• Sloan Digital Sky Survey (SDSS): 14,000 deg2, 26,311 clusters with 
richness λ > 20, 0.08 < z < 0.6 

• Dark Energy Survey (DES): 5,000 deg2; currently: 150 deg2 Science 
Verification Data, 786 clusters with λ > 20, 0.2 < z < 0.9 

• Large Synoptic Survey Telescope (LSST, ~2020): 18,000 deg2 

24
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RELATE OBSERVABLES TO MASS

SCALING RELATIONS

• Assume there is a mean relation <Obs> = f(Mass) with scatter 

• self-similar model for virialized objects (Kaiser 1986) 

• Mgas = Cgas MΔc 

• T3/2 = CT E(z) MΔc 

• Ysz3/5 = CSZ E(z)2/5 MΔc 

• E(z) = H(z)/H0 

• In practice, allow for more freedom <Obs> = A MB E(z)C

26



SCALING RELATIONS IN SIMULATIONS

27

SZE Observables, Pressure Profiles and Center O↵sets 11

Figure 6. The scaling between Ylc and M500c where the black
points represent clusters from all lightcones and the red solid
line shows the best fit model. The scatter is clearly larger at the
low mass end, whereas for Ysph and Ycyl we find no clear mass
trends. This suggests that the mass dependent scatter is caused
by the varying contribution of large scale structure to the total
SZE signal from a cluster, introducing a mass trend that scales
as �lnY / M�0.38±0.05

500c (see section 4.4).

to the limited field of view, so the redshift distributions of
the two cluster samples are slightly di↵erent.

The main di↵erence between the scaling parameters
from the spherical (Ysph) and cylindrical (Ycyl) signals is
in the normalization. The larger signal from the cylindrical
volume as compared to the spherical volume is simply ev-
idence that the cluster SZE signature extends well outside
R500c. The mean ratio between the two measurements is
Ycyl/Ysph = 1.151. In addition, the scatter is approximately
10 percent larger in the cylinder case, reflecting the addi-
tional variations introduced by the variations in the nearby
structure projected onto the cluster R500 region. Finally, the
redshift evolution is less steep, suggesting that there are red-
shift dependent changes in the contributions to the cluster
SZE signal from the surrounding structures.

4.3 Light Cone Ylc �M500c Relation

We also explore the scaling relation between the SZE signal
extracted from light cones Ylc and mass. For this investiga-
tion, we take all the clusters that are completely inside the
light cone boundaries. Thus, we have contributions to the
SZE signal from clusters which overlap with each other along
the line of sight. Table 4 shows the scaling relation fits de-
rived from the Ylc measurements, and Fig. 6 contains a plot
of the relation with the redshift trend projected out. The Ylc

scaling relation deviates significantly from self-similar evo-
lution, preferring weaker trends with mass and redshift than
those we see with the spherical or cylindrical SZE observ-
ables. In addition, in comparison to the cylindrical case, the
normalization is 11 percent higher, and the scatter is a fac-

Figure 7. The ratio of the SZE signal extracted from light cones
to that from cylinders within redshift shells is plotted versus mass
for three di↵erent redshift bins. The points are the mean mea-
surements from the simulated light cone, and the lines mark the
expected impact from the SZE signal of uncorrelated structures
along the line of sight, as described in equation (9). Points and
lines are color coded by redshift. The bias decreases with increas-
ing cluster mass and redshift.

tor of 1.5 higher at 0.159. In Fig. 6, the black data points are
the clusters from all lightcones and the red solid line is the
best fit model. There is a clear indication that the scatter
is larger at the low mass end, behavior which was not ap-
parent in the scaling relations involving Ysph and Ycyl. This
suggests that the unassociated large scale structures along
the line of sight are introducing a mass dependent scatter,
a subject that we return to in the next section.

Because Ylc is impacted by the superposition of physi-
cally uncorrelated structure along the line of sight, one can
estimate the di↵erence between Ylc and Ycyl using the mean
y from the simulation light cone (see also Kay et al. 2012).
We find this mean value to be hylssi = 1.02 ⇥ 10�6 sr�1

when averaged over four lightcones. Following this logic, we
express the estimate for the light cone SZE signal hYlci to
be

hYlci = Ycyl + hylssi⇡R2
500c, (9)

where R500c is the radius of the cluster, which naturally is
a function of the cluster mass and redshift. Fig. 7 shows the
ratio of the light cone to the cylindrical SZE signal Ylc/Ycyl

as a function of cluster mass in three redshift ranges. Both
direct measurements from simulation (points) and our sim-
ple model (line) are shown. It is clear that the impact of the
background and foreground y due to projected structures is
much larger on the low mass clusters. Moreover, one can see
that at a fixed mass the impact is higher at lower redshift.

This behavior follows directly from equation (9), where
it is the virial extent of clusters that determines how large
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we will thus not discuss the results obtained using powers of
1 + z any further.

In Fig. 1, we show examples of our fits at various red-
shifts for one of the variables studied here: the gas mass,
which is a representative variable. In each panel, the grey
dots correspond to the individual simulated groups and clus-
ters with log10[M500(M⊙)] ≥ 13.0 taken from the agn 8.0
model, the solid blue, green and red lines respectively
correspond to the best-fitting evolving power-law (equa-
tion 12), broken power-law (equation 13) and broken power-
law with a redshift dependent low-mass power-law index
(equation 15) to the median gas mass in bins of mass and
redshift and the dashed red lines correspond to the best-
fitting evolving broken power-law with a redshift dependent
low-mass power-law index to the log-normal scatter in bins
of mass and redshift. For z ≤ 1.5, the median relations
and the scatter about them are reasonably well modelled
by evolving broken power-laws with redshift dependent low-
mass power-law indices of the form given by equation (15),
whereas power-laws and broken power-laws of the form given
by equations (12) and (13) fail to reproduce the median re-
lations, especially at the low-mass end.

5 EVOLUTION OF THE MASS SLOPE

We start by examining the evolution of the logarithmic slope
(the mass slope) of the total mass–observable relations. Note
that, by definition, no evolution of the mass slope is ex-
pected in the context of the self-similar model. The slope of
a particular relation is fixed and can be predicted assuming
only Newtonian gravity and that the gas is in virial equi-
librium (see Section 3). Any evolution or deviation at any
redshift from the predicted mass slope signals that either
some non-gravitational physics is at play, or that the gas is
not virialised (or both).

In Figs. 2 and 3, we show the evolution of the mass
slopes from z = 0 to z = 1.5 for the scaling relations be-
tween total mass and core-excised6 temperature (for both
mass-weighted and X-ray spectroscopic temperature), bolo-
metric X-ray luminosity, gas mass, YX , and the integrated
Sunyaev–Zel’dovich signal for each of the four physical mod-
els (different coloured curves). Fig. 2 shows the evolution
of the mass slope obtained when we fit a single power-law
(equation 12) at each individual redshift (and so omitting
the E(z) factor for the moment), while Fig. 3 shows the
evolutions of the low-mass (left panel) and high-mass (right
panel) mass slopes resulting from the fitting of the broken
power-law in equation (13) to the median scaling relations
at each individual redshift. In each panel, the solid curves
(red, orange, blue and green) correspond to the different sim-
ulations and the horizontal dashed lines to the self-similar
expectation.

Starting first with the mass–X-ray temperature rela-
tion, the fitted mass slope is slightly shallower than the self-
similar expectation of 2/3 for all the models. This result is
mostly independent of redshift and mass, but does depend
somewhat upon the included sub-grid physics. The sensitiv-
ity to sub-grid physics is stronger when using the observable

6 The results for non-core excised temperatures are presented in
Appendix A.

Figure 1. Gas fraction (in units of the universal baryon fraction
Ωb/Ωm)–M500 relation at six different redshifts (z = 0, 0.25,
0.5, 0.75, 1.0 and 1.5 from top left to bottom right). In each
panel, the grey dots correspond to the individual simulated groups
and clusters with log10[M500(M⊙)] ≥ 13.0, the solid blue, green
and red lines respectively correspond to the best-fitting evolving
power-law (equation 12), broken power-law (equation 13) and bro-
ken power-law (equation 15) with a redshift dependent low-mass
power-law index to the median gas mass. The dashed red lines
correspond to the best-fitting evolving broken power-law with a
redshift dependent low-mass power-law index to the log-normal
scatter in bins of mass and redshift. The median relations and
the scatter about them are reasonably well modelled by evolving
broken power-laws with redshift dependent low-mass power-law
indices of the form given by equation (15), whereas the other func-
tional forms fail to reproduce the median relations, especially at
the low-mass end.

spectroscopic temperature, as opposed to the mass-weighted
temperature.

We note that changing the sub-grid physics can affect
the mean temperature in several ways. First, the mean tem-
perature profile can be altered, because the mean entropy
of the gas can be raised or lowered by including feedback
and radiative cooling. The degree of scatter about the mean
temperature profile (i.e. ‘multiphase’ structure) will also be
affected. Energetic feedback processes can drive outflows and
introduce turbulence, so that the temperature of the gas is
no longer just determined by the entropy configuration of
the gas and the potential well depth. In addition, the degree
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Weighing the Giants IV: Mantz et al. 2015  
Also: Rapetti et al. 2009, 2010, 2013
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SPT-SZ 720 deg2: SB et al. 2015


