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ABSTRACT

This project aims to compare the effect the selection method has on three different
X-ray scaling relations. Those being the Lx — kT, kT — 0, and Lx — o, relations.
The GAMA catalogue is used to optically select the clusters, which are then spectrally
analysed to find their X-ray Luminosity and ICM gas temperature. These are used to
find the scaling relations which are compared to other findings when considering an
X-ray selection. It is found that the selection method has little effect on the scaling
relation value itself, although optical selection does appear to reduce the intrinsic
scatter in the X-ray properties. Comparisons are also made to the self similar model
for cluster evolution, which finds the Lx — kT relation significantly different, while
the other two cannot be ruled out as following this model.

1 INTRODUCTION

Galaxy clusters are the largest gravitationally bound ob-
jects in the universe. Their abundance and size are sensi-
tive to cosmological parameters (such as the matter density
Qar) and the conditions of the early universe as initial over-
densities seed the position which, through successive merg-
ers, clusters will form (See Kravtsov 2006; Vikhlinin et al.
2009; Planck Collaboration et al. 2016b, for more details).
They also hold information about the formation and evolu-
tion of the galaxies within them from their internal dynamics
as well as gas effects such as AGN feedback. The latter of
the above discussed is easiest observed in the X-ray emis-
sion from the ionised gas which exists between the galaxies
in a cluster known as the intra-cluster medium (ICM). It is
for this reason galaxy clusters are often studied with X-ray
telescopes such as eROSITA. the extended ROentgen Sur-
vey with an Imaging Telescope Array (eROSITA Predehl
et al. 2021), part of the Spectrum-Roentgen-Gamma (SRG)
mission, provides new opportunities to view large samples of
galaxy cluster in X-ray wavelengths, as it is designed to view
the whole sky in multiple passes, giving the most complete
sample of X-ray sources to date.

The aim of this project is to use the eROSITA Final
Equitorial-Depth Survey (eFEDS Liu et al. 2022) initial re-
lease data to demonstrate the ability for this new telescope
to be used for cluster surveys and observations. It also aims
to explore the selection method’s impact on the scaling re-
lations for X-ray properties of clusters from an optical and
X-ray selection within the same eFEDS catalogue region.

Throughout this project the cosmology adopted is
H(z) = HoE(z) = Ho\/Qu(1+ 2)% 4+ Qa. Where Hy =
70kmsf1Mpcfl7 Oy = 0.3 and Q) = 0.7. This is a close

approximation of the standard flat ACDM found by Planck
Collaboration et al. (2016a).

2 BACKGROUND
2.1 Scaling Relations

Scaling relations are a long standing technique to asses such
large populations of clusters as a whole such as those ex-
pected to be generated by eROSITA. Scaling relations are
simple power law proportionalities between two or more ob-
servable properties of clusters such as X-ray luminosity Lx
and ICM temperature k7. These are useful in establishing
relationships which can be then used to find properties which
cannot be directly measured. For example measuring the
flux distance to a cluster from a well calibrated Lx — kT
scaling relation for determining the expansion of the uni-
verse (Bora & Holanda 2023). Although they are described
as empirical laws, it can be useful to use theoretical models
to predict what we may expect Scaling relations to be. The
most common model used is the self similar model, which
states that all clusters are similar to each other, but have
properties which scale proportionally to their mass (Lovis-
ari & Maughan 2022). One key assumption of this model
is that clusters form from single gravitational collapse and
grow from hierarchical mergers with similar seized clusters
(Kaiser 1986). This imposes self similarity with mass known
as strong self similarity. Cluster scaling with the changing
density of the universe through varying redshift is also a
feature of the model known as weak self similarity (Bower
1997). Another assumption required for X-ray observations
is that the only energy the ICM gains is from in-fall into the
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cluster’s gravitational potential. With these assumptions the
following scaling relations with respect to mass similarity
are predicted (see Lovisari & Maughan 2022, for a complete
derivation).

KT « E3 (2)M3 (1)
Lx soft < E*(2)M 2)
Lx.sopt x E(2)kT? (3)

Where Lx sof¢ is the soft band X-ray luminosity (taken
in this project to be the luminosity between 0.5-2.0 keV)
hence referred to as just Lx. E(z) is introduced into the re-
lations to handle the weak self similarity of clusters by scal-
ing the parameters according to the same factor the Hub-
ble parameter changes with redshift. Directly measuring a
cluster’s total mass is often not possible, so instead for this
project a proxy for the mass was used in the form of the
cluster’s velocity dispersion denoted o,. This is a measure
of the standard deviation of the line of sight velocities of
the galaxies within a cluster. This acts as a mass proxy as
the higher the velocity dispersion, the more mass is required
to gravitationally bind the cluster together and prevent the
galaxies from flying apart. This proxy works based on the
assumption clusters are relaxed, meaning they have had no
recent mergers and the galaxies within them are somewhat
spherically distributed. With this Equation 1 and Equation 2
will be modified as follows.

kT o« o2 (4)

Lx E(z)ag (5)

The self similar model is not extensive in modelling all
aspects of the dynamical evolution of clusters but it is still
useful for comparing to observed scaling relations. This al-
lows for testing which aspects of the model agree or disagree
with observations and from this challenge or asses which as-
sumptions are or are not correct.

2.2 Selection Method

The selection method describes how it is decided which clus-
ters are chosen to be included in a sample. This must be
considered carefully as this process may introduce bias to
the sample. The most prescient to consider is Malmquist
bias , which is the tendency for more intrinsically bright ob-
jects to be over represented in a sample as they are more
likely to be observed (Malmquist 1922). If at lower temper-
atures, more intrinsically X-ray luminous clusters are over
represented, this may lower the observed Lx — kT scaling
relation. A way which has been suggested to alleviate this is
to change selection method to an optical selection method.
This would involve finding clusters in optical wavelengths,
then looking for an X-ray signature at the same position in
the X-ray data. This should reduce bias as although the se-
lection is still for optically bright or rich clusters, this is not
directly correlated with the X-ray properties of a cluster.
While others (Andreon et al. 2016) have looked into se-
lection effects on scaling relations these mostly look across
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samples taken from different catalogues in different regions
of the sky. Little has been done to look into sampling bias
when considering overlapping regions containing the same
populations of clusters, selected for in different wavelengths.
eROSITA provides for this opportunity as the whole sky
survey in X-rays allows for any differently selected sam-
ple to have overlap with X-ray sampled data. This project
therefore presents initial results in this area considering the
smaller eFEDS catalogue (Liu et al. 2022) with hopes to
expand in the future to look at the entire sky catalogue of
eROSITA when it becomes available.

3 METHOD
3.1 Optical Selection

The specific selection method used was to select for clusters
using the Galaxy And Mass Assembly (GAMA) catalogue
(Driver et al. 2022). This is a catalogue of clusters seen in
optical wavelengths, which was selected for having a section
(G09) overlap and contained entirely with the eFEDS re-
gion. GAMA also directly measures the galaxy velocity dis-
persion o, for each cluster meaning this would not need to
be separately measured. Taking the overlapping region, all
clusters with a richness A > 20 were selected for (measured
in the number of friends-of-friends see Liske et al. 2015, for
more details). Selecting the High richness clusters will mean
selecting for more massive clusters with high flux, as galax-
ies will have to pass a specific optical flux limit to be able to
be detected and included in richness counts. This limits the
selection to clusters in the relatively nearby universe and
will also eliminate smaller galaxy groups. This is done as
these may have different intrinsic scaling relations (Lovisari
et al. 2021) and also makes significant X-ray detection more
likely, which is necessary due to the lower signal-to-noise
ratio present in eROSITA data. This gave a total of 48 clus-
ters from GAMA which were within the eFEDS region and
therefore could be analysed.

3.2 Cluster Extent

With the position of clusters from GAMA marked in the
eFEDS region, the luminosity Lx and gas temperature kT
can be found from the X-ray emission. The approximate
extent of each of the clusters is necessary to create a region
from which X-ray data is extracted. For this the redshift and
approximated mass Msgo found by GAMA can be used to
approximate Raoo using Equation 6.
3Ma Ap. — 3AH?(2)

iRy~ T TarG (©)
With A in Equation 6 being 200. While this is a good start-
ing point, the gas extent and therefore X-ray emissions gen-
erally extend only to Rsoo so by visual inspection as seen
in Figure 1, %Rgoo is taken to be the cluster’s X-ray source
extent. A background emission region is also required for
each cluster. This is taken to be an annulus centred on the
cluster with inner radius of %Rzoo and outer radius 6R200
Point sources from within these region were identified from
the eROSITA point source catalogue (Salvato et al. 2022)
and excised so that the only emission considered from the
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Figure 1. Image in 0.5 — 2.0 keV X-ray range taken from eFEDS
catalogue of the cluster GAMA 100001 showing how the extent
of X-ray emission comes from %R200~

source region is from the ICM, excluding any compact ob-
jects within the galaxies. This was also done for each back-
ground region.

3.3 Spectral Analysis

The spectra and response files were then extracted from the
created source and background regions and used to fit to a
spectral model to obtain the temperature and luminosity.
XSPEC was used to fit an emission and absorption model.
PHABS is used to model photoelectric absorption along the
line of sight to the cluster from its redshift and the hydrogen
column density from the HEASOFT nh function based of the
HI4PI neutral hydrogen survey (HI4PI Collaboration et al.
2016). The MEKAL diffuse plasma model (Mewe et al. 1986;
Liedahl et al. 1995) was used for the ICM emission taking a
fixed metals abundance of 0.3 times solar abundances. This
is used to find the temperature of the gas k7T in keV. The
CLUMIN convolution model was used to find the luminosity in
the soft X-ray band Lx usually taken to be between 0.5—2.0
keV. These values were fit to the spectral model between
0.2 — 4.0 keV an example of which is shown in Figure 2.

Of the 48 initially selected clusters, 41 had signifi-
cant enough X-ray emission to be successfully fit with this
method, obtaining a luminosity and temperature to go along
with its already known velocity dispersion. The 7 that could
not were treated to a different method where at a reason-
able fixed temperature, 2.0 keV, CLUMIN was again used to
try and find an upper limit luminosity. With this, the upper
limit was able to be found for 3 additional clusters giving
overall 44 clusters with a luminosity value and 41 with a
temperature value.

The full results are presented in Table B1 in section B
of the appendix.
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Figure 2. Energy spectra and residuals plot of cluster GAMA
100001 from 0.2-4.0 keV. The non constant binning is to ensure
each bin contains at least 5 counts. From this particular spectra
Lx = 2.06 +0.08 erg/s and kT = 2.65 & 0.39 keV.

Y X v Xo ! B n

Lx kKT 1 184 43.024+0.06 2.554+0.37 0.1140.04
kT Oy 0 530 0.22 +0.03 1.454+0.38 0.02+£0.01
Lx oy 1 530 42.93+0.07 2944049 0.18+0.05

Table 1. Table of the linear fitting parameters to Equation 7 for
the 3 scaling relations seen in Figure 3

4 RESULTS

with obtained values for Lx, kT and o, the scaling relation
power law can be found through plotting each in log-log
space and finding the linear relationship between parame-
ters. For this project a logio space was used. In general each
parameter relation was then fit to the linear equation 7.

tog(557) = o+ Alog( 55 (™
X is the median value for each X parameter fit. This fac-
tor is considered in the linear fit to remove the degeneracy
between the gradient 5 and the intercept a by placing the
pivot for the linear fit in the centre of the data (see appendix
section A for more details). The factor of E(z)” accounts for
the scaling with redshift with the power v being the associ-
ated scaling parameter. For this paper weak self similarity
was always assumed. Therefore the value of v and Xj is fixed
for each relation and is shown in Table 1.

The LINMIX python module? was used co calculate the
fit parameters using a hierarchical Bayesian approach (Kelly
2007). This provided the parameters to plot the linear fits
seen in Figure 3.

The linear fit also provides the parameter 7 the intrinsic
scatter. This is the remaining scatter seen in the points after
the error has been accounted for. 7 is seen as the dashed

2 See https://linmix.readthedocs.io/en/latest/maths.html
for more details on the module specifically
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Figure 3. Plots for the three optically selected scaling relations described in Equation 3, Equation 5 and Equation 4. The solid black
line represents the median value for the fitted gradient and intercept for the data which are presented in Table 1. The shaded red area
is the 1o confidence interval for these values while the the dotted black line represents the intrinsic scatter 7.

lines in Figure 3. See section A in the appendix for more
discussion of the degeneracy and error on these values.

5 DISCUSSION
5.1 Self Similar Comparison

It is useful to look initially into comparisons of the scaling
relation to the self similar model. From Equation 3 the self
similar model predicts a gradient of ~ 1.5 for the Lx —
kT relation in log-log space. Equation 4 predicts the kT —
o, relation to be ~ 2 while Equation 5 predicts the Lx —
o, relation to be ~ 3. From the results in Table 1 it can
be seen that the scaling relation for the Lx — kT relation
is significantly higher than what is predicted from the self
similar model while the kT — o, and Lx — o, cannot be
definitively said to be different from the predicted self similar
relations when considering the 1o intervals shown.

While the much larger gradient of the Lx — kT relation
is not consistent with the self similar model, it is consistent
with many other observations of this relation (Lovisari et al.
2021; Eckmiller et al. 2011). This can be explained by chal-
lenging one of the assumption of the self similar model as
discussed in subsection 2.1. The assumption being that the
only energy input into the the ICM is from in-fall into the
clusters gravitational well. Other energetic processes such
as cluster mergers or AGN feedback (Planelles et al. 2014)
are not accounted for in deriving this relation, so will not
be reflected in the derived scaling relation . The effect of
a process such as AGN feedback will be to increase both
the temperature and X-ray luminosity of the ICM, but not
necessarily in a way which will preserve the scaling relation.
The net result seen is the steepening of the Lx — kT relation
as seen in Figure 3.

The inclusion of additional energy sources can explain
the boost seen to Lx — kT gradient, but raises questions
about the apparent agreement of the other relations to the
self similar model. If some other process is boosting the tem-
perature and luminosity of the ICM beyond what is expected
for self similarity, then this should reflect in the k7" — o, and
Lx — o, relations as a similar boost in the gradient from
what is predicted as the effects describes should not influ-
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Figure 4. Plot of the horizontal residuals of the Lx — o, plot
in Figure 3 against the same residuals for the kT" — o, plot. The
horizontal residual is the horizontal distance of the plotted point
to the fit scaling relation shown as the black line in Figure 3.

ence o, in any way. To explain this consider the residuals
plot shown in Figure 4. This shows a positive correlation
(correlation coefficient of 0.70) between the residuals of the
two scaling relations. This is saying that the clusters with
an intrinsically high o, for their luminosity Lx also have
a high o, for their temperature k7. This suggest there is
also some underlying effect acting to boost the velocity dis-
persion o, independently from any self similarity for some
of the clusters being considered. This would explain why
these particular relations have greater agreement with the
predicted self similar relation values while the Lx — kT rela-
tion is so high. To explain this consider the assumption that
all clusters considered are relaxed, which is necessary for o,
to be used as an accurate proxy for the mass as discussed
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Figure 5. Entry from the GAMA catalogue of cluster GAMA
100017. The central image marks the position each member of
the group is observed at coloured according to their relative line
of sight velocity. The left hand bar shows the distributions of
redshifts of the galaxies used to calculate the velocity dispersion
Oy

in subsection 2.1. If clusters are not relaxed, this would lead
to internal galaxy velocities being not distributed normally
and so larger velocity dispersion would be measured in com-
parison to the clusters actual mass. This can be seen to play
at least a part in the correlation seen in Figure 4 by looking
at the actual distribution of internal velocities of the most
outlying point (furthest to the top right) from its GAMA
catalogue entry in Figure 5. From this it can be seen that
for this particular cluster the distribution of velocities are
not well fit to a single normal distribution but in fact is prob-
ably best modelled by two normal distributions suggesting
this is a cluster is possibly in the processes of merging with
another. This is therefore the antithesis of a relaxed clus-
ter so its velocity dispersion cannot be a good proxy for its
mass, hence why it is at much higher o, for both its tem-
perature and luminosity. This also being the case for other
clusters provides an explanation for the underlying boost to
oy. This result therefore suggests that most of the scatter in
all of the relations is in the velocity dispersion.

Other residuals plots can be used to asses this scatter
and the bias in the optically selected samples. Figure 6 shows
the vertical residuals of the Lx — o, relation plotted against
the same residuals of the Lx — kT relation in Figure 3. This
shows no correlation between these two residuals. So clusters
at a high Lx for their o, are not necessarily at a high Lx for
their £7T. This is interesting as ¢, and kT can be thought of
as measurements of similar things as they both, in essence,
measure the internal velocities of a cluster. One, however, is
of the individual galaxies and is being measured from optical
properties of the cluster while the other is of the gas in
the cluster and is measured from its X-ray properties. This
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I
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Figure 6. Plot of the vertical residuals of the Lx — o, relation
plotted against the vertical residuals of the L x — kT relation from
Figure 3.

suggests that the scatter in X-ray and optical properties are
independent of each other, pointing towards optical selection
being a good method to reduce bias and scatter in measuring
clusters’ scaling relations.

5.2 Lx — kT Relation

The Figure 7 shows a comparison of the scaling relation that
was found through the optical selection of clusters from The
GAMA catalogue and from a direct X-ray selection of the
eFEDS region from Bahar et al. (2022). This is the most
direct comparison possible between an optically and X-ray
selected sample of galaxy clusters, given it is coming from
the same region of sky and the same telescope. To com-
pare the scaling relations directly the equation Bahar et al.
found was re-scaled to the same median values to make di-
rect comparisons. Using the same parameters as in Table 1
and the same fitting equation as in Equation 7 the X-ray
selected data has a = 42.65 £+ 0.16, 8 = 2.93 + 0.12 and
1 = 0.80 = 0.07. From comparisons to the results in Table 1
and visual inspection of Figure 7 the gradients are largely
the same with the intercept of the optical selection being
slightly higher. This suggests that while the optical selection
has no effect on the scaling relation itself, the intercept is ef-
fected by the selection method. The optically selected data
appears to be at the high end of luminoisties for the low
end of temperatures. The optical selection method should
be selecting for the more massive clusters and so it may be
expected to be at the high end of temperatures if tempera-
ture is a good proxy for the mass of a cluster. Andreon et al.
(2016) looked at a similar comparison of selection methods
for a Lx — M relation and found the opposite. The opti-
cally selected points were at the higher mass and luminosity
end and showed a significantly different slope and there-
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Figure 7. Comparison of the Lx — kT scaling relation for the
optical and X-ray selection of clusters from within the eFEDS
region. The dotted lines in each case shows the intrinsic scatter
The X-ray selected data is from Bahar et al. (2022).

fore power law relation. This comparison was for a selection
of clusters from different regions and therefore populations,
while the comparison here is of the same so this points to
perhaps the change in slope Andreon et al. being an arte-
fact their indirect comparison. However the position of the
points at the low temperature end is still unusual if the pre-
dicted scaling relation holds, which it clear from Figure 3 it
does. This may then be a product of the richness selection
being set too high. To test this a comparison to X-ray se-
lected data with a similar flux limit to that used bu GAMA
should be used to then see whether a change in slope and
intercept is seen.

Also note how the intrinsic scatter n for the optically
selected sample is much lower than for the X-ray selected
sample. This is the same result seen by Andreon et al.. This
result is quite unexpected, as it would be expected the scat-
ter in X-ray luminosity to be quite large for a selection from
optical properties. This may or may not be a product of the
optical selection itself, in this case, although the samples
are of the same region and properties are taken from the
same telescope, the span of the samples are very different.
The X-ray selection covers a much larger number of clusters
and covers a much larger range of redshifts and X-ray lu-
minosities. This will mean the X-ray selection may include
lower mass clusters, for which there is some evidence they
may have different scaling relations which would increase
the scatter seen. These smaller clusters may also have much
larger errors on their measurement of values, such as tem-
perature, due to them being fainter which would lead to the
larger scatter which is seen.

Figure 8 shows a plot of the luminosity of a cluster
against its redshift for the two samples considered here. This
is use full to asses the Malmquist bias in a sample given
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Figure 8. Plot of the X-ray luminosity against redshift for all
the clusters in the X-ray and optically selected sample

that this is what is attempted to be reduced or eliminated
by considering an optical selection. Looking at the X-ray se-
lected data shows a clear flux limit and Malmquist bias as
the lower luminosity clusters are only seen at the lowest red-
shifts, while there is a general non-linear trend upwards in
luminosity as redshift increases. The optical selection does
not show the exact same trend, but does appear to have
a generally upward trend in luminosity for higher redshift.
This may suggest the optical selection still suffers the same
bias in luminosity, but the sample spans a much smaller
redshift range and has a larger range of luminosities than
the X-ray selection in that same band. Also, the optically
selected clusters again appear to be on the more luminous
end of the sample of X-ray clusters. This could be further ev-
idence that the selection method discussed in subsection 2.2
is the cause of this observation. Ultimately, while it is clear
the X-ray sample is bias in this way, it is difficult to tell
whether the bias in the optical selection has been success-
fully in reducing this bias.

5.3 kT — o0, Relation

Direct comparison optically and X-ray selected clusters from
the same eFEDS region using the eROSITA telescope is ideal
in assessing the impact the selection method has on scaling
relations. However, due to the recency of the eROSITA tele-
scope, scaling relations involving o, from the eFEDS region
and X-ray selcted could not be found to compare to. Instead
data from different regions using the XXL survey (Pacaud
et al. 2016) taken from the XMM-Newton telescope (Jansen
et al. 2001) were found and used in the preceding sections.

Figure 9 shows a comparison of the optically selected
fit scaling relations for the kT — o, relation to that of an
X-ray selected sample of clusters from the XXL survey (Wil-
son et al. 2016). The fit line, again re-scaled to have a direct
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Figure 9. Comparison of the kT — o, scaling relation for the
optical and X-ray selection of clusters. The X-ray selected data
is from a different region of sky to the optical in the XXL Survey
Wilson et al. (2016).

comparison, gives a = 0.37 £ 1.15, f = 1.12 + 0.20 and
n = 0.05 = 0.03. The gradients again cannot be said to be
definitively different from each other suggesting the optical
selection has made no difference to these values. There is
also no clear difference in the intercept values. The X-ray
selected cluster is slightly higher than the optical selection
and has a much larger measurement error due to the fitting
which was preformed being for the reverse relation o, — kT
rather than kT — o,. Direct comparison of these intercept
values is not possible as different telescopes often give differ-
ent temperature values when observing the same object due
to calibration discrepancies. Turner et al. (2022) finds that
clusters in measured by XMM-Newton may be measured as
being 254+9% hotter than those measured by eROSITA. This
may account entirely for the slightly elevated intercept for
the X-ray selected data or indicate that in fact the optical se-
lection is leading to a boosted intercept as in subsection 5.2.
This demonstrates why direct comparison is more desirable
as without it, the exact scenario is impossible to know.

The intrinsic scatter is again lower for the optically se-
lected data than the X-ray selected data. This is a more
true indication of optical selection reducing scatter, as the
samples here are much more similar in size and Figure 10
shows how the clusters considered also span a similar range
of redshifts. From visual inspection the errors on each value
appear roughly similar, so the reason for this lower scatter
remains again unknown. The one caveat again is the lack
of direct comparison as the eFEDS region and XXL do not
overlap, so different populations of clusters are being con-
sidered.

Redshift Distribution

10 EEE GAMA Optical Selection
XXL X-ray Selection

Number

Figure 10. Histogram showing the distribution of redshifts for
clusters selected for in X-rays and optical. The optical selection is
from the GAMA catalogue overlapping the eFEDS region while
the X-ray selection is from the XXL survey as discussed in Wilson
et al. (2016).
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Figure 11. Plot the comparison of the Lx — o, scaling relation
for the optical and X-ray selection of clusters. The X-ray selected
data is from a different region of sky to the optical in the XXL
Survey Giles et al. (2022)
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5.4 Lx — o0, Relation

The optical selection for the Lx — o, is compared to the
same relation of X-ray selection of clusters in XXL from
Giles et al. (2022). They found the values a = 42.94 4+ 0.30,
B = 2.08 £ 0.48 and n = 0.89 £ 0.06. The normalisation
value « are almost exactly the same for these two values.
The gradients are also not significantly different from one
another. The scatter n is again significantly lower for the
optically selected clusters, suggesting also that the optical
selection somehow reduces this intrinsic scatter. This can be
contrasted additionally with Andreon et al. (2016) who finds
different gradients between the two selections and data on
the larger end of mass, in this case o,. Here the compar-
ison also is to two different regions and so is not a direct
comparison, but yet again the results dispute the findings of
Andreon et al..

It is interesting to note that for the Lx — o, and the
kT —o, relation discussed in subsection 5.3 there is in general
agreement between the X-ray and optical selection of the
clusters for both when using o, as a mass proxy. This sug-
gests that the morphological differences, which is suggested
to lead to deviations from the self similar model, must be
the same across the two selection methods. This may mean
a fixed and unbiased proportion of clusters are unrelaxed,
which has implications for how these clusters merge and
evolve with time, which could be explored in future studies.

To asses the effectiveness of optical selection in reducing
Malmquist bias in this sample a plot similar to Figure 8 plot-
ting the luminosity against redshift can be made. Figure 12
shows such a plot. From the plot, it is difficult to conclude
whether the X-ray selected sample is in this way biased or
whether the optical selection is in anyway different, as both
appear to span a similar redshift and luminosity range. It is
possible to say that both samples are similar to each other
as both sets of points sit together.

6 CONCLUSION

6.1 Self Similarity

Comparisons of the found scaling relations to the self simi-
lar model reinforce previous findings of the L x — kT relation
in reality being significantly higher as seen in Table 2. The
explanation of additional energy sources not considered by
the model does seem reasonably fit, looking into what pro-
portion of the clusters viewed actually contain AGN would
be necessary to confirm this hypothesis. The other scaling
relations cannot be said to be significantly different to what
is predicted.

The Scatter in the velocity dispersion can be largely at-
tributed to the inclusion of unrelaxed clusters in the sample,
which acts to give them high a o, for their mass. Since the
self similar model is predicated on self similarity with mass
scale, the scaling relations involving ¢, cannot be said to
be direct comparisons to the self similar model. In future,
obtaining direct measurements of a clusters mass would be
more desirable for comparisons to the self similar model.

MNRAS 000, 000-000 (0000)
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Figure 12. Plot of the X-ray luminosity against redshift for all
the clusters in the X-ray and optically selected sample

6.2 Selection Method

While the aim of this project was to compare selection
method’s effects on scaling relations from an optical and
X-ray selection, this could only be accurately done for the
Lx — kT relation, as this was the only relation for which
the same catalogue (eFEDS) was used for both the X-ray
and optical selection. This relation power law, seen in Ta-
ble 2, shows no significant difference between the two se-
lection methods. The X-ray selection’s power law is larger,
but not by a significant amount when considering the errors
taken into account. It is a similar case for the other relations,
although they are not direct comparisons as discussed. Some
such as Andreon et al. (2016) have suggested that optical se-
lection should lead to larger power scaling relations. This is
not supported by the findings of this project with in fact
the Lx — kT relation having a larger gradient in the X-ray
selected sample.

What is supported is that optically selected samples
have lower intrinsic scatter as seen in Table 2. This could
be explained if the optically selected data had much larger
error associated with the fit values, as this would mean that
the scatter in values could be largely accounted for in the
error. This, however, is not seen suggesting that optical se-
lection is more likely to pick clusters which form low scatter
scaling relations. A way to test this in future study would
be to simply take larger samples of both X-ray and optically
selected clusters to reduce random error as much as possible.

6.3 Further Study

The conclusions which can be made are limited by the fact
that direct comparison of similar populations of clusters
from the two selection methods discussed was not possi-
ble. eROSITA ultimately will be very useful in providing
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Relation Qopt ax Bopt Bx Bself TNopt nx

Lx — kT  43.02£0.06 42.65+0.16 2.55+0.37 2.93£0.12 1.5 0.11+£0.04 0.80+0.07

kT — oy 0.22+0.03 0.37+1.15 1.45+0.38 1.12£0.20 2.0 0.02+0.01 0.05+0.03

Lx —oy 4294£0.07 4294+£0.30 294+049 2.08=£0.48 3.0 0.18£0.05 0.89 +0.06

Table 2. Overall comparison for the fit values for the three scaling relations considered. The subscript opt for those pertaining to the
optical selection and X is for the X-ray selection. Bg¢;s is the predicted self similar scaling relation power law

for this opportunity when the full sky survey is released.
By providing a large catalogue of clusters, which covers the
whole sky, from which X-ray properties can be derived, any
other optical catalogue can be used as for optical selection to
compare the method to. Choosing an optical catalogue with
mass measurements will also mean comparisons of all the self
similar scaling relations between the two selection method
will be able to be made. Further study of this will therefore
be able to draw much more conclusive results about how
selection effects scaling relations, scatter and bias.
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Figure A1l. Corner plot for the parameters fit in Equation 7 for
the Lx — kT scaling relation. The dotted lines show the 84.1 and
15.9 percentiles

APPENDIX A: CORNER PLOTS

The corner plots are shown in Figures A1, A2 and A3 were
created using the corner.py library created by Foreman-
Mackey (2016). These plots show how by dividing by the
median value Xo (as shown in Equation 7) for each scaling
relation, the degeneracy between the intercept o and slope
can be removed evident in the fact the scatter plots between
these two parameters are circularly symmetric. From the
histograms it can be seen the deviation in these values are
well modelled by a normal distribution hence why the 84.1
and 15.9 percentiles are roughly the same distance from the
mean and so can be taken as the usual 1o intervals. The
minimum value 7 can take is 0, and for all the relations
the value of 7 is small hence why it is a slightly uneven
distribution. The differences in the two percentiles given for
7 are also close enough that the average of these is taken as
the 1o intervals for these values. There is some evidence of
degeneracy between the values of # and n for the kT — o,
relation but since these values are never compared to each
other this can be ignored.
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Figure A2. Corner plot for the parameters fit in Equation 7 for
the kT — o, scaling relation. The dotted lines show the 84.1 and
15.9 percentiles
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Figure A3. Corner plot for the parameters fit in Equation 7 for
the Lx — o, scaling relation. The dotted lines show the 84.1 and
15.9 percentiles
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APPENDIX B: TABLE OF RESULTS

Table showing the position and obtained values of Lx, kT
and o, for each of the clusters in this paper. They are ar-
ranged in descending order of richness as this is how they
were selected from the GAMA cataloge.
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Table B1. Table showing the ID, position (RA and DEC), richness, redshift (z) and velocity dispersion (o) for all clusters selected
from GAMA with richness A > 20. It also shows the output values of X-ray luminosity in the 0.5-2.0 keV band (Lx), and the ICM
temperature (kT') from the spectral analysis. The values of 2.0 in kT column indicate clusters for which the initial spectral fitting failed
and so a fixed temperature was chosen to obtain an upper limit on the luminosity.

GAMAID RA  DEC Richness 2 ov Log(55%7) kT
kms 1! keV
100003 138520 -0.024 76 0.168 410+£36 42.72+0.07 0.83+0.17
100001 133.653  0.643 62 0.108 750+£39 43.32+£0.02 2.65+0.39
100002 132.600  0.260 59 0197  540+41  43.57+0.03 3.38 +0.91
100009 129.889  -1.679 55 0270 780+£48 44124002 3.290+0.53
100006 134521  1.154 54 0072  390+£31 4245+0.04 1.3740.16
100011 140.545  -0.460 53 0321  720+£42  44.00+0.02 4.64+1.39
100044 140.652  -0.409 46 0.057 430+£29 42.32+0.04 1.5840.23
100019 139.073  -0.402 41 0.324 1210+43  44.09+0.02 3.16 £ 0.59
100018 138379  2.753 39 0.156  320£32 42.51+0.08 0.63%0.09
100004 131435 -0.488 37 0.156 450 +£38  43.00+£0.04 1.75+0.26
100075 132628  0.638 35 0194 570+£42 42.53+0.14 1404116
100027 134.035  0.430 35 0.168  480+38  42.97+0.04 1.91+0.41
100013 140.207  2.754 34 0283 780+£41 43.92+0.02 2.9040.43
100010 136.929  1.558 34 0.164 320+41 42.88+0.04 321+14
100005 135503  2.393 34 0203  590+37 43.11+0.05 1.6840.46
100007 135378  -1.655 33 0316 940+£50 44.16+£0.02 355+ 1.0
100032 138.610 2922 32 0162 250+£36 42.10+0.14 0.90+0.23
100008 133.364 -0.356 31 0.194  510£42  42.94+0.06 2.0
100037 133431  2.399 30 0.198 58037  42.924+0.07 1.55+0.41
100025 131692  1.831 30 0.052 260+£34 41.79+£0.06 1.32+0.34
100024 136503  0.016 30 0202 500+£38 42.95+0.05 222+0.6
100017 129.541  0.464 30 0.081 570+£37 41.98+£0.09 0.55+0.12
100141 134412 2.150 27 0202 260+£36 42.04+024 1.1440.48
100012 140.152  -1.251 27 0.155 420441  42.69+0.05 1.08+0.19
100021 139.761  2.820 26 0200 390+38 42.58+0.09 1.38+0.58
100016 137.307 -0.206 26 0.309 66057 43.69+0.03 2.93 4 0.69
100015 139.709  2.201 26 0284 700+£51 43.75+0.03 2.64 +0.58
100014 133126 0.420 26 0272  450+£47  43.41+0.05 3.06 + 1.49
100036 140.682  2.132 24 0.199  640+35 42.94+0.05 1.47+0.21
100035  133.850  1.831 23 0264 500£41  42.81+0.11 2.0
100030 129.923  1.074 23 0.158  570+£42  42.89+0.04 2.03+0.58
100026 130.427  0.477 23 0208 600+37 4277+0.08 1.33+0.25
100212 129.905  2.813 22 0.193  790+£32 42.52+0.13 1.2940.37
100040 139.344  1.024 22 0.362 660+£45 43.71+0.04 2.16 +0.62
100023 138467 -0.760 22 0296 600+£50 43.46+0.04 1.84+0.26
100116 131.683  2.537 21 0.020  210+24 40 20 2.0
100063 134.696  0.057 21 0266 43040 42.68+0.12 1.84+1.86
100038 137.773  0.251 21 0223 300£33 42.28+0.15 0.91+0.18
100020 138514  1.645 21 0.167 470+£41  42.98+0.04 4.7 +299
100066 131.204  1.001 20 0293 620£40 43.11+0.08 1.84%0.67
100043 129.342  1.594 20 0.362  800+48  42.93+0.16 0.72+0.23
100033 140.398  -0.242 20 0.315 410£45 43.28+0.06 2.51+1.17
100028 134.622 -1.118 20 0225 430+38 42.81+0.06 1.28+0.16
100022 139.430  0.796 20 0.199  660+50 42.46+0.14 0.82%0.51
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