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4 Barnes et al.

Figure 2. Slice of depth 40Mpc through the parent simulation showing the projected dark matter density at z = 0. The left inset shows
a 50Mpc cube centred on the most massive halo. The right inset shows the stellar particles of the same halo in yellow, re-simulated using
the BAHAMAS model and resolution, with X-ray emission from the hot gas overlaid in purple.

every cluster was selected so that its volume was devoid
of lower resolution particles beyond a cluster centric radius
of 5r200.

2 The resolution of the Lagrangian region was in-
creased such that the particles in the DM only simulations
had a mass of mDM = 5.2⇥ 109 M�/h and in the hydrody-
namic re-simulations the dark matter particles had a mass
of mDM = 4.4 ⇥ 109 M�/h and the gas particles had an
initial mass of mgas = 8.0 ⇥ 108 M�/h. In all simulations
the Plummer equivalent gravitational softening length for
the high-resolution particles was fixed to 4kpc/h in comov-
ing units for z > 3 and in physical coordinates thereafter.
The smoothed particle hydrodynamics interpolation used 48
neighbours and the minimum smoothing length was set to
one tenth of the gravitational softening. A schematic view
of the zoom approach is shown in Fig. 2.

The resolution and softening of the zoom re-simulations
were deliberately chosen to match the values of the peri-
odic box simulations of the BAHAMAS project (McCarthy
et al. 2016), which is a calibrated version of the OWLS code
(Schaye et al. 2010), which was also used for cosmo-OWLS

2 We define r200 as the radius at which the enclosed average
density is two hundred times the critical density of the Universe.

(Le Brun et al. 2014). The subgrid models for feedback from
star formation and AGN used in the BAHAMAS simula-
tions was calibrated to obtain a good fit to the observed
galaxy stellar mass function and the amplitude of the gas
fraction-total mass relation, respectively, at z = 0. Without
any further tuning, the simulations then produce a popula-
tion of groups and clusters that shows excellent agreement
with the observations for a range of galaxy-halo, hot gas-halo
and galaxy-hot gas relations.

2.3 Baryonic physics

The BAHAMAS simulations were run with a version of p-

gadget3 that has been heavily modified to include new
subgrid physics as part of the OWLS project (Schaye et al.
2010). We now briefly describe the subgrid physics, but re-
fer the reader to Schaye et al. (2010), Le Brun et al. (2014)
and McCarthy et al. (2016) for greater detail, including the
impact of varying the free parameters in the model and the
calibration strategy. Radiative cooling is calculated on an
element-by-element basis following Wiersma et al. (2009a),
interpolating the rates as a function of density, tempera-
ture and redshift from pre-computed tables generated with
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Figure 3. Gas mass-total mass relation (top left), core-excised bolometric X-ray luminosity-core-excised X-ray temperature relation
(top right) and the integrated Sunyaev-Zel’dovich signal-total mass relation at z = 0 (bottom left) and z = 1 (bottom right) for the
combined sample. The median relation of the BAHAMAS sample is given by the red line, with the red hatch region enclosing 68% of the
population, and the median MACSIS result is shown by the blue line, with the blue hatched region enclosing 68% of the sample. The
median MACSIS line becomes dashed when there are less than 10 clusters in a bin. The black triangles, crosses, squares, right-facing
triangles, circles, left-facing triangles, hexagons and pluses are observational data from Vikhlinin et al. (2006), Maughan et al. (2008),
Pratt et al. (2009), Lin et al. (2012), Maughan et al. (2012) and the second Planck SZ catalogue (Planck Collaboration et al. 2015)
respectively.

1098 clusters from BAHAMAS and 196 MACSIS clusters,
and at z = 1 a sample of 225 clusters, 99 from BAHAMAS
and 126 from MACSIS.

The MACSIS clusters enable the investigation of the be-
haviour of the most massive clusters at low redshift. These
clusters are commonly selected in cosmological analyses be-
cause their deep potentials are expected to reduce the im-
pact of non-gravitational processes and as the brightest clus-
ters they require shorter exposures. We select a hot, and
therefore massive, cluster sample by selecting all clusters in
the combined sample with a core-excised X-ray temperature
greater than 5 keV. At z = 0 (z = 0.5) this yields a sam-
ple of 244 (186) clusters, with 190 (173) coming from the
MACSIS sample. Finally, we examine the impact of select-
ing a relaxed subset of the hot cluster sample. Theoretically,
there are many ways to define a relaxed halo (see Neto et al.
2007; Du↵y et al. 2008; Klypin et al. 2011; Dutton & Macciò
2014; Klypin et al. 2016). For this study we use the following
criteria

Xo↵ < 0.07 ; fsub < 0.1 and � < 0.07 ,

where Xo↵ is distance between the cluster’s minimum grav-
itational potential and centre of mass, divided by its virial

radius; fsub is the mass fraction within the virial radius that
is bound to substructures; and � is the spin parameter for all
particles inside r200. These criteria are not designed to select
a small subset that comprises the most relaxed objects, but
to simply remove those clusters that are significantly dis-
turbed. This results in a subsample at z = 0 (z = 0.5) that
contains 213 (117) clusters, with 177 (111) coming from the
MACSIS sample.

3 THE SCALING RELATIONS OF MASSIVE
CLUSTERS

In this section we present our main results, measuring the
scaling relations of our cluster samples across a range of
redshifts.

3.1 Comparison to observational data

Fig. 3 shows the gas mass, Mgas,500,spec, the integrated
Sunyaev-Zel’dovich (SZ) signal, YSZ, measured in a 5r500,spec
aperture as a function of estimated total mass, M500,spec,

MNRAS 000, 1–21 (2016)
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Figure 8. The X-ray surface brightness, S X of four MACSIS clusters at z = 0.24 with quivers representing the weak lensing shear field. Each image is centred
on the minimum gravitational potential for the cluster and is 6 h�1Mpc⇥ 6 h�1Mpc across, with a projection depth of 10 R200. The MACSIS sample contains a
wide range of relaxed (for example the top left cluster) and unrelaxed clusters (top right). The bottom two images show two orthogonal projections of the same
cluster. In the image on the bottom left, the cluster appears to be extended with multiple X-ray peaks, which may lead to it being classed as morphologically
unrelaxed in observations. In contrast, the image on the bottom right, whilst still containing multiple X-ray peaks, is more spherically symmetric.

MNRAS 000, 1–19 (2016)
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See	also	e.g.	Oguri	&	Hamana	2011;	Becker	&	
Kravtsov	2011;	Bahé	et	al.	2012	

² Weak	lensing	&	X-ray	masses	
	
² Assess	impact	of	baryons	and	
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² WL	mass:	fit	NFW	profile	to	

(reduced)	tangen7al	shear	
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² X-ray	mass:	fit	single-T	model	
to	X-ray	spectrum	and	
assume	HSE	
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Figure 13. The dependence of the ratio of the X-ray hydrostatic mass to the
mass inferred from weak lensing, M500,X/M500,WL, on the true mass of the
cluster at z = 0.25, 0.5. The top panel shows hydrostatic masses derived us-
ing spectroscopic temperatures and densities. The bottom panel shows hy-
drostatic masses derived using true temperatures and densities. Weak lens-
ing masses and hydrostatic masses are calculated independently. The shaded
grey region shows the mass range where the MACSIS and BAHAMAS sim-
ulations overlap. Excluding the highest mass bin (which contains fewer than
10 clusters), the ratio decreases as a function of mass when using spectro-
scopic values. The mass bias is independent of redshift. Selecting relaxed
clusters (clusters with Xo↵<0.07) has no significant e↵ect on the bias. Weak
lensing masses were obtained by taking one random projection of each clus-
ter. The markers are o↵set horizontally for clarity.

and BAHAMAS samples gives a large sample of clusters spanning
10146M500/h�1M�61015.

To obtain hydrostatic masses for clusters in the BAHAMAS
and MACSIS simulations, the X-ray spectra of all particles within
5R200 are calculated and then binned into 25 radial bins spaced log-
arithmically between 0.03R200 and 5R200. As described in Le Brun
et al. (2014), gas particles with temperature kBT<105.2 keV and
number density n>0.1 cm�3 are excluded. Modifying the threshold
of these cuts by up to an order of magnitude or excluding bound
substructures has no meaningful e↵ect on our results. In each ra-
dial bin, the emission spectrum is fitted with a single temperature
APEC model, giving a temperature, TX , density, ⇢X , and metal-
licity. We find assuming a fixed metallicity leads to a larger bias
in the measured temperatures, so we fit for the temperature, den-
sity and metallicity simultaneously. We fit the spectra in the range
0.05 � 10.0 keV and extending this range to 0.05 � 20.0 keV does
not a↵ect our results. We fit the density and temperature profiles

Figure 14. The ratio of X-ray mass to true mass when using the mass
weighted temperature Ttrue(r) profile and the true gas density profile ⇢true(r)
(line blue dot-dashed line) as compared to the bias when using the X-ray
temperature profile, TX(r) and the X-ray density profile ⇢true(r) (solid pur-
ple line). The hatched region shows the scatter in the bias obtained when us-
ing X-ray observables. The shaded grey region shows the mass range where
the MACSIS and BAHAMAS simulations overlap. Masses obtained from
X-ray observables are consistently lower, with the X-ray temperature pro-
viding the largest contribution (some percentage here) to the mass bias.

using the functional forms in Vikhlinin et al. (2006). Under the as-
sumption of hydrostatic equilibrium, these are used to infer a mass
profile and thus a mass.

Fig. 13 shows the ratio of the X-ray hydrostatic mass to
the mass inferred from weak lensing, 1�b = M500,X/M500,WL, as
a function of true mass, M500. Weak lensing masses and hydro-
static masses are calculated independently. Weak lensing masses
are calculated using the approach described in Section 4.2, replac-
ing 200 for 500 in Equation (17) and Equation (18). Our findings
for M200,WL/M200 are consistent with those for M500,WL/M500.

In the top panel of Fig. 13, which shows hydrostatic masses
obtained from spectroscopic temperature and density profiles, we
see that the hydrostatic mass is consistently smaller than the weak
lensing mass for clusters of all masses. The bias increases from
bX = 0.2 to 0.35 as the mass increases from 1014 h�1M� to
1015 h�1M�. There appears to be an upturn a M500>1015 h�1M�,
however since the highest mass bin contains only nine projections
(three clusters), this may be a consequence of limited statistics.
There is no evidence for any redshift dependence. As the light blue
dot-dashed line shows, selecting relaxed clusters does not reduce
the bias. We have confirmed that the spectra and functional forms
for the density and temperature profiles are well fitted.

Whilst the bias in X-ray mass measurements is referred to as
the hydrostatic bias, it does not only reflect the bias due to the as-
sumption that the cluster is hydrostatic. As the bottom panel of
Fig. 13 shows, if a hydrostatic mass is calculated using the true
density and temperature profiles, ⇢true(r) and Ttrue(r), then the bias
is significantly reduced to bX = 0.04�0.14 for all bins containing
at least 10 clusters. This di↵erence is independent of redshift and is
still present when considering only relaxed haloes.

Figure 14 shows that the bias in the X-ray temperature pro-
file is the dominant contribution to the mass bias, since using the
density profile derived from X-ray observations has very little ef-
fect. This is consistent with the work of Rasia et al. (2012) and Bi�
et al. (2016). Rasia et al. (2012) noted that the temperature inhomo-

MNRAS 000, 1–19 (2016)
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Figure 13. The dependence of the ratio of the X-ray hydrostatic mass to the
mass inferred from weak lensing, M500,X/M500,WL, on the true mass of the
cluster at z = 0.25, 0.5. The top panel shows hydrostatic masses derived us-
ing spectroscopic temperatures and densities. The bottom panel shows hy-
drostatic masses derived using true temperatures and densities. Weak lens-
ing masses and hydrostatic masses are calculated independently. The shaded
grey region shows the mass range where the MACSIS and BAHAMAS sim-
ulations overlap. Excluding the highest mass bin (which contains fewer than
10 clusters), the ratio decreases as a function of mass when using spectro-
scopic values. The mass bias is independent of redshift. Selecting relaxed
clusters (clusters with Xo↵<0.07) has no significant e↵ect on the bias. Weak
lensing masses were obtained by taking one random projection of each clus-
ter. The markers are o↵set horizontally for clarity.

and BAHAMAS samples gives a large sample of clusters spanning
10146M500/h�1M�61015.

To obtain hydrostatic masses for clusters in the BAHAMAS
and MACSIS simulations, the X-ray spectra of all particles within
5R200 are calculated and then binned into 25 radial bins spaced log-
arithmically between 0.03R200 and 5R200. As described in Le Brun
et al. (2014), gas particles with temperature kBT<105.2 keV and
number density n>0.1 cm�3 are excluded. Modifying the threshold
of these cuts by up to an order of magnitude or excluding bound
substructures has no meaningful e↵ect on our results. In each ra-
dial bin, the emission spectrum is fitted with a single temperature
APEC model, giving a temperature, TX , density, ⇢X , and metal-
licity. We find assuming a fixed metallicity leads to a larger bias
in the measured temperatures, so we fit for the temperature, den-
sity and metallicity simultaneously. We fit the spectra in the range
0.05 � 10.0 keV and extending this range to 0.05 � 20.0 keV does
not a↵ect our results. We fit the density and temperature profiles

Figure 14. The ratio of X-ray mass to true mass when using the mass
weighted temperature Ttrue(r) profile and the true gas density profile ⇢true(r)
(line blue dot-dashed line) as compared to the bias when using the X-ray
temperature profile, TX(r) and the X-ray density profile ⇢true(r) (solid pur-
ple line). The hatched region shows the scatter in the bias obtained when us-
ing X-ray observables. The shaded grey region shows the mass range where
the MACSIS and BAHAMAS simulations overlap. Masses obtained from
X-ray observables are consistently lower, with the X-ray temperature pro-
viding the largest contribution (some percentage here) to the mass bias.

using the functional forms in Vikhlinin et al. (2006). Under the as-
sumption of hydrostatic equilibrium, these are used to infer a mass
profile and thus a mass.

Fig. 13 shows the ratio of the X-ray hydrostatic mass to
the mass inferred from weak lensing, 1�b = M500,X/M500,WL, as
a function of true mass, M500. Weak lensing masses and hydro-
static masses are calculated independently. Weak lensing masses
are calculated using the approach described in Section 4.2, replac-
ing 200 for 500 in Equation (17) and Equation (18). Our findings
for M200,WL/M200 are consistent with those for M500,WL/M500.

In the top panel of Fig. 13, which shows hydrostatic masses
obtained from spectroscopic temperature and density profiles, we
see that the hydrostatic mass is consistently smaller than the weak
lensing mass for clusters of all masses. The bias increases from
bX = 0.2 to 0.35 as the mass increases from 1014 h�1M� to
1015 h�1M�. There appears to be an upturn a M500>1015 h�1M�,
however since the highest mass bin contains only nine projections
(three clusters), this may be a consequence of limited statistics.
There is no evidence for any redshift dependence. As the light blue
dot-dashed line shows, selecting relaxed clusters does not reduce
the bias. We have confirmed that the spectra and functional forms
for the density and temperature profiles are well fitted.

Whilst the bias in X-ray mass measurements is referred to as
the hydrostatic bias, it does not only reflect the bias due to the as-
sumption that the cluster is hydrostatic. As the bottom panel of
Fig. 13 shows, if a hydrostatic mass is calculated using the true
density and temperature profiles, ⇢true(r) and Ttrue(r), then the bias
is significantly reduced to bX = 0.04�0.14 for all bins containing
at least 10 clusters. This di↵erence is independent of redshift and is
still present when considering only relaxed haloes.

Figure 14 shows that the bias in the X-ray temperature pro-
file is the dominant contribution to the mass bias, since using the
density profile derived from X-ray observations has very little ef-
fect. This is consistent with the work of Rasia et al. (2012) and Bi�
et al. (2016). Rasia et al. (2012) noted that the temperature inhomo-
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Table 2. The normalization and slope of the best-fit relations presented in this work and the scatter about them for the three samples at
z = 0. All quantities presented in this table are ‘spec’ values calculated via the synthetic X-ray analysis within an aperture of r500,spec.
The scatter h�log10 Y i is averaged over all masses.

Scaling relation Combined sample Hot Clusters Relaxed, Hot Clusters

A ↵ h�log10 Y i A ↵ h�log10 Y i A ↵ h�log10 Y i

LX,ce
500 �M500 44.50+0.01

�0.01 1.88+0.03
�0.05 0.15+0.01

�0.02 44.71+0.02
�0.02 1.36+0.08

�0.07 0.12+0.01
�0.02 44.69+0.03

�0.03 1.43+0.13
�0.09 0.11+0.01

�0.01

kBT
X,ce
500 �M500 0.68+0.01

�0.01 0.58+0.01
�0.01 0.048+0.003

�0.003 0.71+0.01
�0.01 0.51+0.04

�0.04 0.05+0.01
�0.01 0.70+0.01

�0.01 0.55+0.06
�0.03 0.04+0.01

�0.01

Mgas,500 �M500 13.67+0.01
�0.01 1.25+0.01

�0.03 0.07+0.01
�0.01 13.77+0.01

�0.01 1.02+0.03
�0.03 0.06+0.01

�0.01 13.75+0.01
�0.01 1.05+0.04

�0.04 0.05+0.01
�0.01

YX,500 �M500 14.33+0.01
�0.01 1.84+0.02

�0.05 0.12+0.01
�0.01 14.47+0.02

�0.02 1.51+0.07
�0.08 0.11+0.01

�0.01 14.45+0.02
�0.02 1.59+0.12

�0.06 0.08+0.01
�0.01

YSZ,500 �M500 �4.51+0.01
�0.01 1.88+0.02

�0.03 0.10+0.01
�0.01 �4.39+0.02

�0.02 1.60+0.07
�0.05 0.10+0.01

�0.02 �4.42+0.02
�0.02 1.69+0.07

�0.07 0.09+0.01
�0.01

LX,ce
500 � TX,ce

500 44.80+0.02
�0.01 3.01+0.04

�0.04 0.14+0.01
�0.01 44.93+0.01

�0.01 2.41+0.12
�0.12 0.11+0.01

�0.01 44.89+0.02
�0.02 2.53+0.12

�0.13 0.10+0.01
�0.01

Figure 4. Evolution of the gas mass-total mass scaling relation for the three samples as a function of redshift. The top left panel shows
the median gas mass in bins of total mass at z = 0 (blue) and z = 1 (red) for the combined sample, with error bars showing the 16th

and 84th percentiles of the distribution in each bin. The solid (dashed) line shows the best-fit relation at z = 0 (z = 1). Note that only
two redshifts are shown for clarity. The top right panel shows the rms scatter in each mass bin at each redshift for the combined sample.
The bottom panels show the best-fit normalization, A, (left) and slope, ↵, (right) of the scaling relation as a function of log10(1 + z)
for the three di↵erent samples: combined (blue squares), hot clusters (red triangles) and relaxed hot sample (black diamonds). We have
o↵set the points for clarity. The dot-dashed magenta line shows the value of the predicted self-similar slope.

mass at higher redshift for clusters at a fixed mass. In ad-
dition, AGN have less time to act on and expel gas from
clusters that form at higher redshifts. The AGN breaks the
self-similar assumption of a constant gas fraction, resulting
in the normalization of the gas mass-total mass relation in-
creasing with increasing redshift. However, we note that this
behaviour appears to be dependent on the implementation

of the subgrid physics. Le Brun et al. (2016) use the same
subgrid implementation, but with di↵erent parameters, and
obtain similar behaviour. However, Planelles et al. (2013)
see a constant baryon fraction with redshift suggesting that
feedback is not expelling gas beyond r500.

The bottom left panel of Fig. 4 shows that the normal-
izations of the best-fit relations for the hot sample of clusters

MNRAS 000, 1–21 (2016)
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Figure 5. Evolution of the core-excised X-ray temperature-total mass scaling relation for the three samples as a function of redshift.
The panels are arranged as described in Fig. 4.

Figure 6. Evolution of the normalization of the spectroscopic
temperature-total mass relation when the e↵ective non-thermal
support temperature is included. All three samples show neg-
ligible evolution with redshift relative to self-similar once non-
thermal pressure support is included.

Selecting only hot clusters produces a best-fit relation
with a slope of 0.51±0.04, flatter than the combined relation.
The best-fit slope of 0.55+0.06

�0.03 for the relaxed subset, is com-
patible with the combined sample. The slope of the relaxed
subset is compatible with the slope found by Mantz et al.
(2016) of 0.66 ± 0.05 and the slope of 0.65 ± 0.04 found by
Vikhlinin et al. (2009) for relaxed clusters. However, we note

Figure 7. Plot of fractional di↵erence between the spectroscopic
and mass-weighted temperature estimates as a function of M500

for the combined sample at z = 0 (blue squares) and z = 1 (red
triangles). Error bars show 68% of the population.

that our relaxation criteria only remove the most disturbed
objects, as opposed to the criteria of Mantz et al. (2015)
which select the most relaxed objects. Therefore, we would
likely recover a steeper slope with stricter relaxation crite-
ria. Both samples are equally a↵ected by the spectroscopic
temperature being biased low. The slopes of the hot sample
and the relaxed subset show no clear trend with redshift.

The temperature-mass scaling relations shows very low

MNRAS 000, 1–21 (2016)
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Table 3. Table showing the best-fit generalised Navarro-Frenk-
White pressure profile parameters (see eq. 16) for the combined,
hot and relaxed hot samples of clusters present in this work. We
fix � = 0.31.

z Sample P0 c500 ↵ �
Planck 6.41 1.81 1.33 4.13

0 Combined 8.80 1.56 1.09 4.01
Hot 20.66 0.52 0.70 6.69
Relaxed Hot 24.01 0.54 0.69 6.79

1 Combined 6.96 0.99 1.26 5.84
Hot 6.44 0.51 1.14 9.44
Relaxed Hot 9.28 1.97 1.61 4.11

with the median profiles, but it is most consistent with the
relaxed hot sample of massive clusters.

The pressure profile of the relaxed subset shows very
little evolution between z = 1 and z = 0, except for the core
where the increasing density leads to an increased pressure
with decreasing redshift. The hot sample shows an increased
pressure in the core with decreasing redshift, due to the in-
creased density, but a negative change in pressure from z = 1
to z = 0 at larger radii. The combined sample shows a neg-
ative pressure change between z = 1 and z = 0 at all radii.
The decreased pressure with decreasing redshift is caused by
the decrease in density from z = 1 to z = 0.

4.4 Entropy Profiles

The median entropy profiles are shown in the bottom right
panel of Fig. 15 and they have been normalized by the pre-
dicted self-similar entropy. We note that we define entropy
as

K� ⌘ kBT�

n
2/3
e,�

(17)

where ne is the electron number density and � is the chosen
overdensity relative to the critical density of the Universe.
At z = 0 the the combined sample shows a higher normal-
ization compared to the hot sample and its relaxed subset.
This is due to it lower density profile and higher temperature
profile. The gradients of the hot sample and the relaxed sub-
set profiles steepen in the centre due to the accretion of low
entropy gas. We compare with the observed median profiles
of Pratt et al. (2010) and Giles et al. (2015), and the base-
line profile of Voit et al. (2005) derived from non-radiative
SPH simulations. The combined sample is in good agree-
ment with the observations and tends to the non-radiative
predictions at large radii.

At z = 1 the three samples are in reasonable agreement
with each other, all having a similar shape with the hot sam-
ple showing a marginally lower normalization. This change
from z = 0 is in agreement with the evolution in their den-
sity and temperature profiles. We compare the profiles to the
observations of McDonald et al. (2014). The combined and
relaxed hot sample show good agreement with the observed
profile for r < 0.5r500,spec, but over predict the entropy at
larger radii. In contrast the median profile of the hot sample
is consistent with the observations at large radii, but under
predicts the entropy in the centre of the cluster.

The departure from self-similarity for the three samples
is due to a combination of the evolution in their tempera-
ture and density profiles. The relaxed hot sample shows a

Figure 15. Median entropy profiles for the three samples. The
details are the same as Fig. 12, except that the REXCESS data
was taken from Pratt et al. (2010). We also show the prediction
from non-radiative simulations for z = 0 (Voit et al. 2005).

mild increase in entropy from z = 1 to z = 0 at large radii,
due to change in its temperature profile, and a decrease in
entropy in the core due to the increase in density at z = 0.
The increased normalization of the hot sample’s tempera-
ture profile at z = 0 compared to z = 1 leads to an increased
entropy profile with decreasing redshift, except in the core.
The combined sample shows an increase in entropy at all
radii at z = 0 compared to z = 1 and is produced by the de-
creased density and increased temperature with decreasing
redshift.

5 SUMMARY & DISCUSSION

In this work we have presented the MACSIS clusters, a sam-
ple of 390 zoomed simulations of the most massive and rarest
clusters run with the state-of-the-art, calibrated baryonic
physics model from the BAHAMAS project (McCarthy et al.
2016) that yields realistic clusters. Such massive clusters are
absent from the BAHAMAS simulation volumes of 596Mpc
as the simulated volume is too small. After introducing the
selection of the sample from the parent 3.2Gpc volume sim-
ulated with the Planck 2013 cosmology, and demonstrating
the agreement of the properties of our massive cluster sample
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Figure 13. Median temperature profiles for the three samples.
The details are the same as for Fig. 12, except that the REXCESS
data was taken from Arnaud et al. (2010).

relaxed hot sample slightly under predict the observations at
0.3 r500 and over predict the observations at large radii, but
the observed profile is within the scatter of the combined
sample.

Within r500,spec the median temperature profiles show
significantly less evolution between the two redshifts than
the density profiles. The combined and hot samples devi-
ate from self-similarity and show an increase in tempera-
ture from z = 1 to z = 0 at all radii, consistent with the
decreasing temperature-mass normalization with increasing
redshift found in Section 3.4. This is because non-thermal
pressure support decreases with increasing redshift. There-
fore, as clusters thermalise their temperatures must increase
to balance gravitational collapse, resulting in a hotter tem-
perature profile at z = 0 compared to z = 1. Selecting a re-
laxed subset reduces the non-thermal pressure support and
the median profile changes significantly less from z = 1 to
z = 0 inside r500.

4.3 Pressure profiles

The dimensionless pressure profiles, scaled by r3, of the three
cluster samples are shown in Fig. 14. The increased mass of
the hot sample and its relaxed subset lead to median pres-
sure profiles that are higher in the centre at z = 0 due to

Figure 14. Median pressure profiles for the three samples. The
details are the same as for Fig. 12, except that the REXCESS data
was taken from Arnaud et al. (2010). The green curve shows the
best-fit pressure profile from Planck Collaboration et al. (2013).

their higher densities. We compare the median profiles to the
observed median pressure profiles from Arnaud et al. (2010)
and Giles et al. (2015) and the best-fit profile from Planck
Collaboration et al. (2013). We note that the Planck result
is based on the stacked profile of nearby systems. For Giles
et al. (2015) we have combined their published density and
temperature profiles to produce a pressure profile for each
cluster. There is good agreement between the combined sam-
ple and the observed profiles, with a slight over prediction at
large radii. For comparison to the Planck best-fit parameters
we fit the mean profiles of our clusters at both redshifts with
a generalised Navarro-Frenk-White pressure profile (Navarro
et al. 1997; Nagai et al. 2007b) of the form

P (x) =
P0

(c500x)� [1 + (c500x)↵]
(���)/↵

. (16)

We fit a four parameter model with � = 0.31 fixed. The
results are shown in table 3.

At z = 1 the median profiles of the three samples are
in closer agreement with each other, because the minimum
mass limit of M = 1014 M� causes the samples to converge
at high redshift. We compare our median pressure profiles
with the observed profile of McDonald et al. (2014). They
find a median pressure profile that is in good agreement
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² Select	all	FoF	groups	
Ø  All	groups	&	clusters	
Ø Mass	limit	1013Mo	

² Match	to	hydro	sims	
Ø  BAHAMAS	&	MACSIS	
Ø  Closest	FoF	mass	

² Build	library	of	images	
Ø  SZ,	X-ray,	WL	
Ø  Project	5R200	spheres	
Ø  Random	projec7on	

² Stack	images	along	l.o.s.	
Ø Uses	parent	simula7on	
Ø  Clustering	proper7es	
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²  MACSIS extends BAHAMAS to largest mass clusters  
Ø  Important for studies at higher redshift (deep surveys) 
Ø  ICM properties in good agreement with (SZ-selected) data at z=1 
 

²  Weak lensing mass bias remains small (<10%) but X-ray mass bias 
increases with mass (1-b~0.6-0.7) 
Ø   Presence of cooler (~1 keV) gas at larger radius (not galaxies!) 

²  Scaling relations nearly self-similar at high mass - except TX-M  
Ø  Increasing role of bulk motion and TX bias at higher M & z. 

²  Using MACSIS to construct mock cluster surveys. 

Summary 
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Figure 11. The top panel shows the median ratio of the weak lensing
mass to the true mass in mass bins obtained by fitting NFW profiles to re-
duced tangential shear maps for the DMO (purple solid line) and HYDRO
(pink dashed line) simulations as a function of mass. Circles and diamonds
(squares and triangles) are used to indicate results from the MACSIS (BA-
HAMAS) simulations. Markers are o↵set horizontally for clarity. The un-
filled markers represent bins containing fewer than 10 projections. The per-
centage di↵erence between the DMO and HYDRO result is shown in the
middle panel. The bottom panel shows the scatter in the bias as a function
of mass, where � is the standard deviation.

M200,WL/M200 = 0.911+0.002
�0.003 for the NFW model. However, given

the di�culty in obtaining observational data of su�cient quality to
constrain a three parameter fit, the minor decrease in the bias when
using the Einasto model is hard to justify.

Despite the impact of baryons on the central regions of galaxy
clusters, including baryons has only a marginal impact on the weak
lensing mass reconstruction at R200. This is illustrated in Fig. 11,
in which the top panel shows the median ratio of the weak lensing
mass to the true mass, M200,WL/M200, as a function of true mass.
The results from the DMO and HYDRO simulations agree to within
5% in all but the last mass bin, which contains only 9 projections (3
clusters). This figure shows the masses inferred from fitting with an
NFW profile. Fitting with an Einasto model still gives median ra-
tios that are consistent between the HYDRO and DMO simulations.
Consistent with existing work (Oguri & Hamana 2011; Becker &
Kravtsov 2011; Bahé et al. 2012), the bias (bWL = 1�M200,WL/M200)
decreases with increasing mass for M200>1015h�1M� when using
either the NFW or Einasto models.

We find a larger bias in our weak lensing mass estimates (in
both DMO and HYDRO) compared with that found in Becker &

Kravtsov (2011) and Bahé et al. (2012), however our results are
broadly consistent with Oguri & Hamana (2011). This discrepancy
is more pronounced at masses M200⇡1014 h�1M�, where Bahé et al.
(2012) find a bias of bWL⇠5% compared to our bWL⇠9%. There
are numerous di↵erences between their analysis and that presented
here: notably the method for fitting NFW profiles and the resolution
of the underlying simulations. We fit NFW profiles to azimuthally
averaged shear profiles, whereas Bahé et al. (2012) fit directly to
background ellipticities. The simulations used here have a dark
matter particle mass of 5.2⇥109 h�1M�, which is roughly an order
of magnitude larger than the particle mass in the Millennium Simu-
lations used by Bahé et al. (2012). We also ignore the e↵ect of shape
noise, which has been shown to reduce the bias in weak lensing
mass estimates by ⇠2% (Bahé et al. 2012). These di↵erences are
expected to a↵ect both the HYDRO and DMO simulations equally,
which means that they do not a↵ect our main conclusion: includ-
ing baryons has no significant e↵ect upon the bias in weak lens-
ing mass estimates. Note however, that baryons do change the true
mass, M200, and that studies comparing with DMO mass predic-
tions will still obtain biased results.

Since the bias is lognormally distributed, the scatter around
these points is e� � 1, where � is the standard deviation of the
distribution of the bias in mass bins. This is presented in the bottom
panel of the same figure. At masses greater than 4⇥ 1014h�1M�, a
di↵erence in the scatter in DMO and HYDRO simulations emerges.
Whilst the scatter is dominated by the alignment of the cluster with
the line of sight (in agreement with Bahé et al. 2012), this di↵erence
is likely due to substructures. For M200>1014h�1M� at z = 0.25,
HYDRO clusters have smaller values of fsub on average than their
DMO counterparts.

4.3 The correlation of weak lensing mass bias with cluster
parameters

Fig. 12 shows the dependence of the bias in weak lensing mass es-
timates on sphericity, alignment, the substructure fraction and the
centre of mass o↵set. Since M200,WL/M200 tends to unity with in-
creasing mass, and sphericity decreases with increasing mass, the
increase of M200,WL/M200 with increasing sphericity is not simply a
by-product of the mass dependence of the sphericity. The top left
image in Fig. 12 shows that there is also an o↵set between the DMO
and HYDRO simulations when plotting against sphericity. This o↵-
set is also present in the top right image in the same figure, which
shows the mass bias as a function of the alignment of the cluster,
✓, where ✓ is the angle between the longest semi-principal axis of
the cluster and the line of sight. For ✓<43� (✓>43�) the masses of
clusters that are elongated along the line of sight are on average
overestimated (underestimated).

The bottom panels of Fig. 12 show the dependence of the weak
lensing mass bias on two parameters typically used to characterise
the dynamical state of clusters in simulations: the substructure frac-
tion and the centre of mass o↵set. The more substructure in a clus-
ter, the greater the bias in its weak lensing mass. A similar trend
is present for Xo↵ , with the masses of clusters exhibiting a large
centre of mass o↵set being underestimated by around 20%. There
appears to be an upturn at Xo↵>0.25 in both the DMO and HYDRO
simulations, with the last bin consisting of 12 (15) projections in
the DMO (HYDRO) simulations. From a visual inspection of the
projected mass distributions of these clusters, this appears to be a
consequence of substructures appearing to be in the central clus-
ter regions due to projection e↵ects. Whilst this only occurs in one
projection per cluster, in these cases it has led to such a large over
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Figure 12. The dependence of the ratio of the weak lensing mass to the true mass, M200,WL/M200, on cluster sphericity, s, alignment, ✓, substructure fraction,
fsub, and centre of mass o↵set, Xo↵ , at z = 0.25 for both the DMO (purple, diagonal hatching) and HYDRO (pink, dotted hatching) simulations. The solid lines
indicate median values and the hatching represents the 1� percentiles. Vertical dashed lines in the bottom panels indicate thresholds used to define relaxed
clusters. For alignment, ✓ = 90� indicates a cluster with its principal axis perpendicular to the line of sight and ✓ = 0� indicates a cluster with its principal axis
parallel to the line of sight.

estimate of the mass that the median bias is a higher than at smaller
values of Xo↵ .

5 HYDROSTATIC BIAS

Cluster weak lensing is only one method for estimating cluster
masses. Another widely used approach is to calculate masses from
the gas temperature and density profiles derived from X-ray ob-
servations. This approach assumes that clusters are in hydrostatic
equilibrium, which may lead to a bias in the resulting masses. This
hydrostatic mass bias has been studied thoroughly in the literature,
yet a consistent narrative is yet to emerge. The bias is typically
parametrised in terms of bX = 1 � MX/MWL, where MX is the hy-
drostatic mass obtained from a cluster’s X-ray emission.

For observations, Applegate et al. (2014), Israel et al. (2014)
and Smith et al. (2016) find a bias of only bX = 0.04, 0.08 and 0.05
respectively. Yet this is at odds with results from von der Linden
et al. (2014b), Hoekstra et al. (2015) and Simet et al. (2015), who
find bX = 0.30, 0.24 and 0.22 respectively. The hydrostatic bias
has been shown to be larger at larger radii (Zhang et al. 2010),
which may go some way to explaining the result from Applegate

et al. (2014), where it is measured at R2500. However, the results
from Israel et al. (2014) and Smith et al. (2016) are measured at
R500. It should also be noted that these studies use di↵erent X-ray
datasets; for example (Applegate et al. 2014) uses a sample of 12
relaxed clusters, whereas (von der Linden et al. 2014b) use a subset
of clusters from the Planck catalogue (Planck Collaboration et al.
2014) that are also present in the Weighing the Giants sample (von
der Linden et al. 2014a).Since these studies span overlapping mass
ranges, mass can also not account for the disparity. Smith et al.
(2016) attribute the di↵erence to redshift, suggesting that the bias at
z>0.3 may be larger as a consequence of observational systematics.

Yet this would not explain the contrast between the results
of Applegate et al. (2014), Israel et al. (2014) and Smith et al.
(2016) and the results from numerical simulations. Numerical sim-
ulations have typically found a bias of ⇠20% for groups and clus-
ters (Nagai et al. 2007; Kay et al. 2012; Rasia et al. 2012; Le Brun
et al. 2014), with some dependence on the implementation of bary-
onic physics (Kay et al. 2012; Le Brun et al. 2014). Since sim-
ulating massive clusters with hydrodynamics (including realistic
feedback) is computationally expensive, most of these works have
not had su�cient numbers of high mass clusters to characterise the
mass dependence of the hydrostatic bias. Combining the MACSIS
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