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Abstract

Measuring the masses of galaxy clusters can contribute to accurately test-
ing cosmological models. A few methods are available to estimate the
masses of clusters, which, however, return vastly different mass estimates.
The exact reasons for these discrepancies are not well understood. Here
we show that these differences also occur in the mass measurement of
clusters in the SIBELIUS-FLAMINGO simulation. The masses were esti-
mated using three methods based on the dynamics of galaxies within a
cluster, the X-ray luminosity and the Sunyaev-Zeldovich effect from gas
in the cluster. Since the structures in the SIBELIUS simulation are recon-
structed from the physical universe, the clusters’ mass results can be com-
pared directly with the true mass of the particles in the simulation and
with observational mass estimates from other studies. While the dynam-
ical method was the least accurate, using the Sunyaev-Zeldovich method
on the SIBELIUS-FLAMINGO data was the most precise method in pre-
dicting the true mass of the simulation. Since Sunyaev-Zeldovich effect
mass estimates tend to produce lower results than dynamical estimates;
this means there are fewer supermassive clusters in the local cosmic envi-
ronment which is consistent with predictions from ΛCDM.
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Chapter 1
Introduction

1.1 Background

Galaxy clusters, colossal cosmic structures composed of numerous galax-
ies gravitationally bound together, offer insights into the underlying dy-
namics and composition of the universe. Central to our understanding of
these objects is the accurate determination of their masses, a parameter es-
sential for testing the accuracy of cosmological models, including ΛCDM.

Four methods are commonly used to estimate cluster masses. The dy-
namical method involves extracting information about a cluster’s gravita-
tional potential from the velocity dispersion of the galaxies in the cluster.
This method has its foundations in the virial theorem, which relates a sys-
tems kinetic and potential energy. The X-ray method relates the observable
X-ray luminosity of a cluster to the thermodynamic properties of the hot
dense gas emitting the X-ray photon. The thermodynamic properties are
then used to extrapolate the total mass function of the cluster. The method
based on the thermal Sunyaev-Zeldovich (SZ) effect stems from observa-
tions of the cosmic microwave background (CMB). CMB photons passing
through the gas of the cluster experience inverse Compton scattering. The
amount of scattering depends on the amount of gas that the photons pass
through, so these kinds of CMB distortions can be fitted to the mass of the
cluster. Finally, there is the method of weak lensing, which is not the focus
of this thesis. Weak lensing relates the distortions in the images of back-
ground objects to the mass of the foreground galaxy cluster that functions
as a gravitational lens.

While these methods are based on different observables, they should
arrive at similar if not the same mass estimates if the underlying assump-
tions made for each method are correct. However, studies often arrive at
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8 Introduction

different masses for a given cluster. Comparing these mass results, a natu-
ral conclusion is that some underlying effects are not well understood and
therefore not included in the estimation (Stopyra et al., 2021).

1.2 Overview of the research project

To address the discrepancies in mass measurement, we turn to the SIBELIUS-
FLAMINGO simulation; a smoothed particle hydrodynamics simulation
with initial conditions recreating the structures of the local observed uni-
verse. Measuring the masses in a simulation using the same techniques
as observational studies allows us to compare them to the cluster’s true
mass, and test the validity of the mass estimation method.

The SIBELIUS project connects the structure of the Local Group with
its cosmic environment (Sawala et al., 2022). These initial conditions have
previously been used for a dark-matter-only simulation, called SIBELIUS-
DARK (McAlpine et al., 2022). However, by adding the hydrodynamic
components of the FLAMINGO project (Schaye et al., 2023), the data from
the SIBELIUS-FLAMINGO simulation can be used to perform the mass
measurement methods that rely on the gas in the cluster.

We applied the dynamical, X-ray, and SZ methods on the SIBELIUS-
FLAMINGO data to estimate the masses of the following six clusters that
exist both in the real universe, as well as in the simulation: Hercules A
(Abell 2199), Perseus (Abell 426), Norma (Abell 3627), Coma (Abell 1656),
Leo (Abell 1367), and the Virgo cluster. These clusters’ locations can be
seen in the dark matter and gas projections Figure 1.1.

The data used for this thesis comprised a z = 0 snapshot of particle
data from a simulation run of SIBELIUS-FLAMINGO as well as a cor-
responding SOAP (Spherical Overdensity and Aperture Processor) cata-
logue with subhalo properties. The SOAP catalogue was used to identify
the six clusters by comparing their simulation coordinates to their location
in the SIBELIUS-DARK simulation (McAlpine et al., 2022).

The mass was estimated from four different observational directions
for each cluster and each method. One of them was chosen so that it cor-
responds to the line of sight of an observer located at the position of the
Milky Way, which inevitably is the perspective of all cosmic observations
performed by human astronomers in the real world. The other three per-
spectives were picked to align with the three Cartesian axes of the sim-
ulation, such that these three mass estimations are as independent from
each other as possible. This was done to investigate whether observational
mass estimate results of a Milky Way observer were biased compared to

8
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1.2 Overview of the research project 9

(a) Projection of the dark matter in the SIBELIUS-FLAMINGO snapshot.

(b) Projection of the gas in the SIBELIUS-FLAMINGO snapshot.

Figure 1.1: Projections of the central 100 Mpc cube of the simulation. The cube’s
center and origin of the coordinate system corresponds to the location of the
Milky Way. The projection was performed using the SWIFTsimIO package (Bor-
row and Kelly, 2021).
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10 Introduction

random perspectives.
Some of the methods assume that the cluster is spherical. To gauge

qualitatively how valid that assumption is, a snapshot of each cluster was
plotted using the same projection method as the dark matter in Figure 1.1a
but with a smaller box size. The three most massive clusters can be seen in
Figure 1.2, and the remaining three are depicted in Figure 1.3. Especially
for the X-ray method, it is important to be aware that in reality, the clusters
are not perfectly spherical objects, as assumptions such as symmetry and
hydrostatic equilibrium are used in mass estimation. For some of the clus-
ters, there are multiple density peaks at the centre, instead of one, which
makes the cluster’s shape oblong instead of spherical. An example of this
is the Hercules A cluster in Figure 1.2a.

In the following three chapters, the dynamical, X-ray, and Sunyaev-
Zeldovich methods will be introduced in more detail. For each of them,
we will explain how they were implemented to work with the data from
the SIBELIUS-FLAMINGO simulation. Each chapter ends with the sim-
ulation cluster mass estimate results obtained from using the method of
that chapter. In the last chapter, the three methods are finally compared to
each other and to the results from observational mass estimates.

1.3 The SIBELIUS-FLAMINGO simulation

The SIBELIUS project has created initial conditions for cosmological sim-
ulations resembling the structures in the real universe. This includes both
the small-scale structures of the Local Group and the large-scale structures
up to a comoving distance of 200 Mpc from the Milky Way.

The large-scale structures were found using the Bayesian Origin Re-
construction from Galaxies (BORG) algorithm (Jasche and Lavaux, 2019).
The reconstruction is based on the 3D densities from 2M++ galaxy redshift
catalogue. The BORG algorithm gives the most probable initial density
field based on the survey, but only at scales larger than 3.91 Mpc. This
leaves the small-scale structures at random. Sawala et al. (2022) kept the
large-scale structures found with the BORG algorithm fixed and then ran-
domised the small-scale structure in the central 16 cMpc box until struc-
tures with the properties of the Local Group formed. They ran 60000 sim-
ulations, and filtered through from criteria for the MW-M31 system, the
nine most suitable simulations were selected. These nine candidates were
further randomised on smaller scales to find systems with properties even
closer to the Local Group.

For SIBELIUS-DARK, the simulation was run using 1.31 × 1011 dark

10
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1.3 The SIBELIUS-FLAMINGO simulation 11

(a) Hercules A

(b) Perseus

(c) Norma

Figure 1.2: The three most massive clusters projected along each simulation
axis. The dark matter particles are being projected using SWIFTsimIO (Borrow
and Borrisov, 2020). The origin is located at the clusters centre of mass. The white
circle indicates R200, which approximately corresponds to the virial radius, the
radius up to which the virial theorem applies (see Chapter 2).
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12 Introduction

(a) Coma

(b) Leo

(c) Virgo

Figure 1.3: Three less massive clusters projected along each simulation axis. As
Figure 1.2, for the remaining 3 clusters.

12
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1.3 The SIBELIUS-FLAMINGO simulation 13

matter particles, less than 1× 109 of which make up high-mass background
particles. These background particles make up the region further than 200
Mpc away from the Local Group. This outer region is kept random, al-
lowing for periodic boundary conditions. The dark matter particles in the
constrained region have a mass of 1.15 × 107 M⊙.

The SIBELIUS-FLAMINGO simulation used for this theses is made up
of around 2.37 × 108 gas particles and 2.58 × 108 dark matter particles (in-
cluding the background particles). The particle mass is 1.07 × 109 M⊙ for
the gas particles and 5.65 × 109 M⊙ for the dark matter particles. This res-
olution is referred to as intermediate or m9 by Schaye et al. (2023).

The simulation ran on the COSMA DiRAC facility at Durham Univer-
sity using the SWIFT cosmological simulation code Schaller et al. (2023).
The halos were identified using the VELOCIraptor halo finder Elahi et al.
(2019) and their halo properties were calculated using the Spherical Over-
density and Aperture Processor (SOAP) tool of the FLAMINGO project.

One of the halo properties in the catalogue is the total mass of each clus-
ter. This property is key to this research, as it can be compared directly to
the mass estimates from the dynamical, X-ray and Sunyaev-Zeldovich ef-
fect methods outlined in the next chapters. The total mass in the SIBELIUS-
FLAMINGO simulation is made up of various types of matter compared
to the dark-matter-only total mass present in the SIBELIUS-DARK simula-
tion published in McAlpine et al. (2022). This difference in the simulation
has little influence on the total mass of the clusters, as one can see in Table
1.1. Both the M200c and M500c masses in SIBELIUS-FLAMINGO are very
close to the corresponding results from the SIBELIUS-DARK simulation
published in McAlpine et al. (2022).

Cluster DARK M200c DARK M500c FLAMINGO M200c FLAMINGO M500c
Hercules A 1.89 × 1015 M⊙ 1.13 × 1015 M⊙ 1.909 × 1015 M⊙ 1.196 × 1015 M⊙

Perseus 2.72 × 1015 M⊙ 1.87 × 1015 M⊙ 2.749 × 1015 M⊙ 1.920 × 1015 M⊙
Norma 1.72 × 1015 M⊙ 1.19 × 1015 M⊙ 1.709 × 1015 M⊙ 1.203 × 1015 M⊙
Coma 1.27 × 1015 M⊙ 0.87 × 1015 M⊙ 1.297 × 1015 M⊙ 0.8972 × 1015 M⊙

Leo 1.17 × 1015 M⊙ 0.84 × 1015 M⊙ 1.176 × 1015 M⊙ 0.8664 × 1015 M⊙
Virgo 0.35 × 1015 M⊙ 0.27 × 1015 M⊙ 0.3452 × 1015 M⊙ 0.2570 × 1015 M⊙

Table 1.1: Simulation cluster masses. The M200c and M500c masses of the
SIBELIUS-DARK simulation (McAlpine et al., 2022) compared to the correspond-
ing true simulation masses of the SIBELIUS-FLAMINGO run.
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Chapter 2
Dynamical method

2.1 Theory

Large astronomical objects are bound by the gravitational forces between
their constituents. This can be characterised by the virial theorem. The
virial system for an object with no external pressure, (e.g. a cluster) is (Mo
et al., 2010):

2K + W = 0, (2.1)

where W is the gravitational energy of the system and K is the system’s
kinetic energy. Since the total gravitational energy is dependent on the to-
tal mass of the system, the virial theorem can be used to estimate the mass
of a cluster. This is done by treating the galaxies that are observed in the
cluster as test particles (or tracers) and estimating their peculiar velocity
and thus their kinetic energy through their redshift. One can thus define
this mass as the virial mass MV.

2
〈

1
2

mv2
〉
+

〈
−GMVm

r

〉
= 0 (2.2)

MV =
⟨v2⟩⟨r⟩

G
(2.3)

To properly calculate this, one would need to know all three spatial com-
ponents of the tracers as well as all three components in velocity space.
As it is not possible to observe more than two spatial components and one
velocity component of a distant astronomical object, we will use the fol-
lowing expression for the line of sight velocity dispersion σ2

l.o.s. (R) from
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16 Dynamical method

(Schaller et al., 2015) to estimate the virial mass:

σ2
l.o.s. (R) =

2G
Σ∗(R)

∫ ∞

R

F (r, R, β)ρ∗(r)Mtot(r)
r2−2β

dr, , (2.4)

where Σ∗(R) is the observable 2D surface density of the tracer galaxies.
As σ2

l.o.s. (R) and Σ∗(R) are observables, and G is Newton’s gravitational
constant, only the expressions inside the integral need to be investigated
further.

In the expression above, β is the velocity anisotropy parameter. As-
suming isotropic velocity distribution,

β = 1 −
σ2

θ

σ2
r
= 0, (2.5)

the function F (r, R, β), can simply be expressed as (Schaller et al., 2015):

lim
β→0

F (r, R, β) =
√

r2 − R2 (2.6)

The 3D density of galaxies ρ∗(r) for simplicity’s sake is approximated to be
a 1/r2 function, normalised using the observable surface density Σ∗(R).

The function Mtot(r), the enclosed mass at radius r, can be split into the
total mass within the cluster and the shape of the mass distribution. Defin-
ing the shape as m(r), the dimensionless mass function (limr→∞ m(r) = 1),
and the total mass of the cluster MV, the function Mtot(r) can be rewritten
as

Mtot(r) = MVm(r) (2.7)

The mass is assumed to be distributed like a typical NFW dark matter halo
(Mo et al., 2010).

ρ(r) = ρcrit
δchar

(r/rs) (1 + r/rs)
2 (2.8)

Instead of characterising the profile based on the scale radius rs, the con-
centration parameter can be used. The parameter is related to the mass of
the cluster (Comerford and Natarajan, 2007). A typical value for clusters
c = 4 is used throughout this project.

c ≡ RV

rs
⇒ rs =

RV

c
(2.9)

16
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2.2 Methods 17

Integrating the density over a sphere of radius r, one can thus find an
expression for Mtot(r) and for MV:

Mtot(r) = 4πρcrit Ωmδchar r3
s

[
ln
(

1 + c
r

RV

)
−

c r
RV

1 + c r
RV

]
(2.10)

Mtot(RV) = MV = 4πρcrit Ωmδchar

(
RV

c

)3 [
ln (1 + c)− c

1 + c

]
(2.11)

The dimensionless mass function m(r) can then be constructed:

m(r) =
Mtot(r)

MV
(2.12)

m(r) =
ln
(

1 + c r
RV

)
−

c r
RV

1+c r
RV

ln (1 + c)− c
1+c

(2.13)

Therefore, equation (2.4) can be rewritten as

σ2
l.o.s. (R) =

2GMV

Σ∗(R)

∫ ∞

R
ρ∗(r)

√
r2 − R2

r2

ln
(

1 + c r
RV

)
−

c r
RV

1+c r
RV

ln (1 + c)− c
1+c

dr. (2.14)

Finally, solving for MV

MV =
σ2

l.o.s.(R)Σ∗(R)
2GI(R)

, (2.15)

with

I(R) =
∫ ∞

R
ρ∗(r)

√
r2 − R2

r2

ln
(

1 + c r
RV

)
−

c r
RV

1+c r
RV

ln (1 + c)− c
1+c

dr, (2.16)

one arrives at an expression for the virial mass using the observables avail-
able.

2.2 Methods

To utilise the virial theorem and Jeans equation as described above, one
has to first identify which galaxies are in the cluster as they function as the
tracers. Then one can use equations (2.15) and (2.16), to estimate the mass
with the dynamical methods.
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18 Dynamical method

2.2.1 Identifying galaxies

The dynamical method requires utilising the position of galaxies as well as
their line of sight velocities to estimate the virial mass of the object. There-
fore, the subhalos in the SOAP catalogue are required. While each subhalo
has an associated parent halo as well as its three-dimensional position and
velocity vectors listed in the catalogue, a Milky Way observer would only
have the redshift of the galaxy as well as the two-dimensional position on
the sky plane. This hypothetical observer therefore would have signifi-
cantly less information to identify which galaxies are members of a given
cluster than the information used in the catalogue to classify membership.

The position in the sky of the galaxy compared to the position of the
cluster was determined as follows. The position vector of the subhalo was
shifted to a coordinate system with its origin located at the centre of mass
of the cluster. Then the position vector was projected onto the plane per-
pendicular to the observer’s line of sight direction.

To emulate the redshift information available to an observer, the sub-
halos used in the dynamical estimate were picked using their line of sight
peculiar velocity as well as cosmological redshift. For the distances within
this project, Hubble’s law can be used. The recessional velocity vH of a
galaxy at a distance d is then given by

vH = H0d (2.17)

where H0 is the Hubble constant, the value H0 = 70 km s−1 Mpc−1 is used
here. Then a galaxy is identified to be a part of the cluster if the sum of
its line of sight peculiar velocity vl.o.s. plus its recessional velocity vH from
the point of view of the observer is within a particular value of the sum
of the bulk recessional velocity of the cluster and the clusters line of sight
peculiar velocity.

All subhalos with the following three conditions were considered to be
members of the cluster for the dynamical mass estimation method: The
catalogue stellar mass of the subhalo being larger than 1 × 1010 M⊙, the
sky radial distance to the cluster being less than the cluster’s radius R500
in the catalogue, and the total line of sight velocity of the galaxy being
within 1000 km s−1 of the redshift velocity of the cluster.

The number of subhalos identified in each cluster using this method
was in the order of 100 galaxies per cluster. This quantity is significantly
lower than the actual number of galaxies in a typical cluster because of the
chosen minimum stellar mass requirement.

18
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2.3 Results 19

2.2.2 Estimating the dynamical mass

To estimate the masses of the clusters using the dynamical method, equa-
tion (2.15) was implemented in Python.

The surface density Σ was estimated by using the galaxies as tracers
of the underlying density profile. Their radial positions were binned into
10 bins, and from that the surface density was calculated as the number
of galaxies in a bin divided by the area of the annulus spanned by the bin
edges. The velocity dispersion σ was calculated as the standard deviation
of the line of sight velocities of the galaxies in the cluster. Finally, equation
(2.16) was integrated numerically for the given radius.

It is important to note that, while R500 was used as the maximum radius
of the subhalos selected and as input in any radius-dependent functions of
equation (2.15), the resulting mass is the virial mass MV ≈ M200, meaning
the mass enclosed by the larger radius R200.

2.3 Results

For each cluster, the mass was estimated as described above from four
different directions. The first direction was from the perspective of a Milky
Way observer looking towards the cluster. The other three directions were
each parallel to one Cartesian simulation direction.

The results are depicted in Figure 2.1. The mass estimation results of
each cluster are compared to the value of the cluster’s mass in the cata-
logue. The catalogue value chosen is each cluster’s M200, as this is gen-
erally considered to be approximately equivalent to MV (Mo et al., 2010).
The grey line in the graph indicates where a mass estimate would lie if it
were in perfect agreement with the catalogue value.

Hercules A The simulation catalogue lists the M200 mass of this cluster as
1.91 × 1015 M⊙. The Milky Way observer value is the closest of the
dynamical mass estimation values at 2.89× 1015 M⊙. The x-direction’s
value is an outlier at 11.2 × 1015 M⊙.

Perseus The results of the dynamical mass estimation for the Perseus clus-
ter are close to each other ranging from 6.31 × 1015 M⊙ to 8.96 ×
1015 M⊙ with the Milky Way value at 8.07 × 1015 M⊙. While be-
ing near each other, they are significantly higher than the catalogue
value of M200 = 2.75 × 1015 M⊙.

Norma The Milky Way result for the Norma cluster of 12.6 × 1015 M⊙.
This is the value furthest from its corresponding catalogue value at
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20 Dynamical method

Figure 2.1: Dynamical method results. The masses MV found for the clusters
compared to the catalogue M200 using the dynamical method. The larger circles
indicate the measurement from the perspective of the Milky Way observer.

1.71× 1015 M⊙. The other perspectives have values in between those
two, which range from 2.94 × 1015 M⊙ to 7.04 × 1015 M⊙.

Coma The dynamical mass results of the Coma cluster are spread around
M200 = 1.30 × 1015 M⊙ with values from 0.732 × 1015 M⊙ to 6.70 ×
1015 M⊙. The Milky Way value lies at 3.06 × 1015 M⊙.

Leo The catalogue M200 of 1.18 × 1015 M⊙ lies closest to the Milky Way
result of 2.96 × 1015 M⊙ while the other values range from 5.05 ×
1015 M⊙ to 6.68 × 1015 M⊙.

Virgo All four points lie very close to the line. The results range from
0.313 × 1015 M⊙ along the x-axis to 0.801 × 1015 M⊙ along the y-axis.
The Milky Way result is 0.479 × 1015 M⊙. This value lies above the
M200 value of 0.345 × 1015 M⊙.

Looking at Figure 2.1, we find that the dynamical method as implemented

20
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2.3 Results 21

here is not very reliable. With the exception of the Virgo, most estimation
values lie far away from the true simulation value. The Milky Way per-
spective value of the Norma cluster is the most extreme outlier. A prob-
able reason for these outliers is a coincidental alignment of galaxies with
the line of sight from the observer to the cluster. If the galaxy velocity lies
within the expected value, this leads to a contamination of the mass mea-
surement. These galaxies could be far away from the actual cluster due
to the velocity being the sum of the peculiar and recessional velocity. This
also explains why the method is more reliable for the Virgo cluster than for
the other clusters: Since it has a very small recessional velocity compared
to other clusters, there will be fewer galaxies that coincidentally have the
right velocity to contaminate the measurement method.
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Chapter 3
X-ray method

3.1 Theory

Assuming that the gas inside a cluster is in hydrostatic equilibrium, the
gas pressure counteracts the gravitational forces experienced by the gas
due to the mass of the cluster. Therefore, the gas in the centre of a gas-rich
cluster is hot and dense plasma and thus emits bremsstrahlung in the form
of X-ray photons. By observing the X-ray, astronomers can thus estimate
the mass of a cluster by reconstructing the temperature and density profile
of the gas.

For a gravitational potential in the cluster satisfying the Poisson equa-
tion (Mo et al., 2010)

∇2Φ(r) = 4πGρ(r), (3.1)

where ρ(r) is the total matter density profile. The pressure gradient and
the gravitational potential are related by

∇P(r) = −ρ(r)∇Φ(r), (3.2)

The radial component of the gravitational gradient can be found from
equation (3.1):

dΦ
dr

=
GM(r)

r2 , (3.3)

and the radial component of the pressure gradient can be found from the
ideal gas law (P = nkBT) with the number density expressed as n =
ρ/µmu, where ρ is the mass density, µ the mean molecular mass of the
gas, and mu the atomic mass constant.

dP
dr

=
d (kBTρ/µmu)

dr
(3.4)
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24 X-ray method

Inserting (3.3) and (3.4) into equation (3.2), and solving for M(r) (Mo et al.,
2010),

M(r) = −kBT(r)r
µmuG

[
d ln ρ

d ln r
+

d ln T
d ln r

]
, (3.5)

we are left with an expression for the total mass of the cluster depending
on a combination of the density and temperature. As the amount of X-ray
emission of the cluster also depends on both the density and the temper-
ature, the exact relation has to be calibrated using observations of many
clusters and fitting the relation.

One study using this approach is Lovisari et al. (2020). To estimate the
mass of the six clusters in this project, the model and fitted parameters
from Lovisari et al. (2020) are used to determine the relation between the
X-ray luminosity LX and the total mass of the cluster Mtot:

log
(

LX

C1

)
= α + β log

(
Mtot

C2

)
+ γ log

E(z)
E(0.2)

(3.6)

with C1 = 5 × 1044 erg s−1 and C2 = 6 × 1014 M⊙. The function E(z) is
dependent on the cosmological density parameters Ω

E(z) =
√

Ωm(1 + z)3 + ΩΛ (3.7)

with Ωm = 0.7 and ΩΛ = 0.3. α = 0.089, β = 1.822, and γ = 0.462 are
the fitted parameters. For the snapshot used below, z = 0 for all particles.
Solving equation (3.6) for the mass of the cluster

Mtot = C2

(
e−α

(
E(0.2)
E(z)

)γ (LX

C1

))1/β

, (3.8)

we have an expression that can be used to estimate the mass of the cluster
given a known X-ray luminosity of the cluster.

3.2 Methods

To estimate the cluster mass using X-ray luminosity, the gas particles in
the cluster have to be identified and their X-ray luminosity added up.
Once the X-ray luminosity of a cluster has been determined, equation (3.8)
can be used to estimate the cluster’s mass, specifically its M500. However,
since an astronomical observer’s information about the position of the X-
ray-emitting gas is limited to the 2D sky coordinates, the choice of which
simulation particles are considered to be in the cluster is not trivial.
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3.3 Results 25

For each cluster, the particles in a cube much larger than the cluster
(1% of the total simulation volume) were loaded using SWIFTsimIO (Bor-
row and Borrisov, 2020). To get an estimate of the observed radius of the
cluster, the catalogue value R500 of the cluster was also loaded.

To identify which particles should be counted as being within the clus-
ter, a cylindrical mask was used. This cylinder was centred around the
centre of mass of the cluster in the SOAP catalogue. The radius of the
cylinder was chosen to be R500, while the height of the cylinder was cho-
sen to be 10R500. The height of the cylinder was aligned along the line of
sight of the observer. Therefore, hypothetical other close-by objects whose
sky position aligned with the cluster could impact the results. Any particle
within the cylinder was counted to be in the cluster.

In the SIBELIUS-FLAMINGO simulation, each gas particle has three
different X-ray luminosity values corresponding to 3 different bandwidths.
None of these bands match the bandwidth used in (Lovisari et al., 2020)
(0.1 − 2.4 keV) for the fitted model (3.6) exactly. For this research, we used
the simulation bandwidth erosita high (2.3 − 8.0 keV).

The sum of the luminosity in that bandwidth of all the particles was
converted from simulation units into physical units (erg s−1). This value
was then used to determine the cluster mass by inserting it into (3.8).

3.3 Results

The X-ray masses of the six clusters were estimated from the same four
different perspectives as for the dynamical method. One perspective was
from an observer looking from the Milky Way, the other three were ob-
servers looking in a direction parallel to Cartesian axes.

The results of the X-ray mass estimation can be seen in Figure 3.1. Since
it was the value of M500 that was estimated using the fitted model eq. (3.8),
the estimates were plotted against the M500 value listed in the catalogue.
All cluster mass results using the X-ray method were lower than their cor-
responding catalogue value.

Hercules A X-ray mass estimates for the Hercules A cluster range be-
tween 1.05 × 1015 M⊙ and 1.08 × 1015 M⊙, with the Milky Way ob-
server’s value at 1.06 × 1015 M⊙. The M500 in the catalogue is listed
as 1.20 × 1015 M⊙.

Perseus The Perseus cluster’s X-ray mass estimates range from 1.21 ×
1015 M⊙ to 1.22× 1015 M⊙. All estimates are lower than the catalogue
value M500 = 1.92 × 1015 M⊙.
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26 X-ray method

Figure 3.1: X-ray method results. The masses Mxray found for the clusters com-
pared to the catalogue M500 using the X-ray method. The larger circles indicate
the measurement from the perspective of the Milky Way observer. Mostly hidden
behind them are smaller circles with the perspective along the three Cartesian
axes.

Norma The Cartesian perspective X-ray mass estimates for the Norma
cluster consistently measure around 0.717 × 1015 M⊙, and the Milky
Way observer’s value is 0.716× 1015 M⊙. The estimates are therefore
lower than its M500 catalogue value of 1.20 × 1015 M⊙.

Coma X-ray mass estimates for the Coma cluster vary between 0.544 ×
1015 M⊙ and 0.551 × 1015 M⊙, with the Milky Way observer’s value
at 0.545 × 1015 M⊙, lower than its M500 catalogue value of 0.897 ×
1015 M⊙.

Leo X-ray mass estimates for the Leo cluster are ranging from 0.537 ×
1015 M⊙ to 0.540 × 1015 M⊙, with the Milky Way observer’s value at
0.538 × 1015 M⊙. Its M500 catalogue value is 0.866 × 1015 M⊙.

Virgo The Virgo cluster’s X-ray mass estimates consistently measure at
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0.212 × 1015 M⊙. This makes it lower than the M500 catalogue value
of 0.257 × 1015 M⊙.

The perspective from which the method is used has little impact on the
mass estimates. In Chapter 5, the Milky Way values will be used to com-
pare them to observational X-ray results of the clusters’ mass estimates
from literature, as this perspective corresponds to the point of view of ob-
servations.

Notably, all six clusters’ mass estimates lie below the corresponding
catalogue value. One source of inaccuracy could be the model using a
slightly different bandwidth than the FLAMINGO code. In addition to
that, if the clusters are not in hydrostatic equilibrium at the time of the
z = 0 snapshot, the mass estimates will not be accurate (Mo et al., 2010).
In the case of the clusters still collapsing into their future structure, the
temperature and density would not be large enough to counteract grav-
ity yet and therefore the gas in the cluster would be emitting less gas.
This in turn would mean that the mass estimate using this method on
a collapsing cluster would be lower than its actual mass. Underestimat-
ing cluster masses due to assuming hydrostatic equilibrium is referred to
as hydrostatic mass bias and is considered to be around 10-15% of the to-
tal mass (Planck Collaboration, 2014). Adding a bias term into the model
used could thus improve the results of the X-ray mass estimation method.

Looking back at the images of the cluster shapes, Figures 1.2 and 1.3,
and comparing them to the mass results in Figure 3.1, Hercules A sticks
out as it both has a significant offset in its X-ray mass compared to the
other clusters, and it has large substructures, and large nearby objects,
which suggests that it most likely is far from hydrostatic equilibrium.
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Chapter 4
Sunyaev-Zeldovich method

4.1 Theory

In the centre of clusters, there is dense and hot gas due to the gas pressure
that has to counteract gravity. This phenomenon was discussed in chapter
3.1. When cosmic microwave background photons (CMB) reach this gas,
the CMB photons interact with the gas via inverse Compton scattering,
meaning that the photons gain energy from interacting with the free elec-
trons in the plasma (Zeldovich and Sunyaev, 1969). This phenomenon is
known as the Sunyaev-Zeldovich effect.

The Sunyaev-Zeldovich effect can be used to estimate the mass of a
cluster. The temperature change in the CMB is linked to the electron pres-
sure along the line of sight P(ℓ) in the gas through the following relation
(Mo et al., 2010):

δT
T

= − 2σT

mec2

∫
Pe(ℓ)dℓ (4.1)

where the Thomson cross-section σT = 6.65 × 10−25 cm2. The electron
pressure is dependent on both the temperature and density of the elec-
trons and increased electron pressure thus corresponds to an increase in
the distortion of the cosmic microwave background.

Since the density and temperature are also related to the X-ray emis-
sion and the mass of the cluster as discussed in the previous chapter, the
results from X-ray surveys can be used to find the relation between the
CMB distortions of a cluster Y500 and its mass M500.

From the comparison of CMB distortions and X-ray surveys of many
clusters, a model can thus be fitted to predict the mass. The Planck collab-
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oration fitted the following relation (Planck Collaboration, 2014):

E−2/3(z)

[
D2

AY500

10−4Mpc2

]
= 10−0.19±0.02

[
(1 − b)M500

6 × 1014M⊙

]1.79±0.08

, (4.2)

with the bias parameter b fitted such that (1 − b) = 0.80, and the func-
tion E(z) given by equation (3.7). The bias parameter takes hydrostatic
mass bias into account as X-ray masses assuming hydrostatic equilibrium
and masses derived from X-ray underestimate the true mass. Solving this
model for M500, we are left with a cluster mass estimate using the Sunyaev-
Zeldovich effect:

M500 =

(
100.19E−2/3(z)

D2
AY500

10−4Mpc2

) 1
1.79 6 × 1014 M⊙

(1 − b)
. (4.3)

4.2 Methods

Overall, the process of estimating the cluster mass using the Sunyaev-
Zeldovich effect was very similar to the method using X-ray emission.
Each gas particle in the SIBELIUS-FLAMINGO simulation snapshot has
the attribute comptonY, which indicates how much SZ effect the particle
contributes to the cosmic microwave background. This means that one
can sum up the comptonY for all the particles in the cluster, and use equa-
tion (4.3) to get an estimate for the M500 mass using the SZ effect.

The gas particles were loaded using SWIFTsimIO (Borrow and Bor-
risov, 2020) using a cubic mask much larger than the cluster. Then the
particles’ positions in the cluster’s centre of mass frame were projected
onto the observer’s sky. The same cylinder as described in the previous
chapter for the X-ray method was again used to determine the member
gas particles of the cluster. The cylinder had radius R500, height 10R500
and was aligned with the line of sight of the observer.

The comptonY attribute in the simulation, corresponds to D2
AY500 in

equation (4.3). While Y500 would be dependent on the distance to the clus-
ter, each particle in the simulation has a comptonY value independent of
where its observer is located. comptonY is therefore given in units of Mpc2,
which corresponds to the units of D2

AY500 in equation (4.3).
To get an estimate for the cluster mass, the comptonY values of all the

gas particles in the cylinder were added together. This sum was then in-
serted into equation (4.3) in the position of D2

AY500. The result was an
estimate of M500 using the thermal Sunyaev-Zeldovich effect.

30
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4.3 Results

Using the SZ effect and equation (4.3) method described above, the mass
M500 was estimated for the six clusters from the four different perspectives
(Milky Way and Cartesian) used for the other methods.

These masses can be seen in Figure 4.1 compared to the M500 values in
the catalogue. All results lie closely to the grey line, indicating a higher
agreement with the catalogue than the other two methods had. It is, how-
ever, noteworthy that all results lie above the line, compared to the X-ray
results (Figure 3.1) that were below the grey line.

Figure 4.1: Sunyaev-Zeldovich effect results. The masses Msz found for the clus-
ters using the SZ effect method compared to the catalogue mass M500. The larger
circles indicate the measurement from the perspective of the Milky Way observer.
Hidden behind the larger circles are smaller ones with the perspectives along the
three Cartesian axes.

Hercules A SZ mass estimates for Hercules A cluster vary between 1.49×
1015 M⊙ and 1.56 × 1015 M⊙, with the Milky Way observer’s value
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32 Sunyaev-Zeldovich method

at 1.53 × 1015 M⊙, notably higher than its M500 catalogue value of
1.20 × 1015 M⊙.

Perseus The Perseus cluster’s SZ mass estimates range from 2.15× 1015 M⊙
to 2.20 × 1015 M⊙, with the Milky Way observer’s value being 2.15 ×
1015 M⊙, and surpassing its M500 catalogue value of 1.92 × 1015 M⊙.

Norma SZ mass estimates for the Norma cluster range between 1.31 ×
1015 M⊙ and 1.33 × 1015 M⊙, with the Milky Way observer’s value
at 1.32 × 1015 M⊙, all exceeding its M500 catalogue value of 1.20 ×
1015 M⊙.

Coma For the Coma cluster, SZ mass estimates vary between 1.08× 1015 M⊙
and 1.14 × 1015 M⊙, with the Milky Way observer’s value at 1.10 ×
1015 M⊙, higher than its M500 catalogue value of 0.897 × 1015 M⊙.

Leo SZ mass estimates for the Leo cluster range from 0.927 × 1015 M⊙
to 0.949 × 1015 M⊙, with the Milky Way observer’s value at 0.934 ×
1015 M⊙, all surpassing its M500 catalogue value of 0.866 × 1015 M⊙.

Virgo The Virgo cluster’s SZ mass estimates are consistent a ranging from
0.331 × 1015 M⊙, to 0.335 × 1015 M⊙, the latter being Milky Way ob-
server’s value, and exceeding its M500 catalogue value of 0.257 ×
1015 M⊙.

While the SZ effect method generally produced the closest results, there
seems to be a slight systematic tendency to overestimate the mass of the
cluster. One reason for this could be a small difference in the underly-
ing model assumptions of the fitted model used here, and the model for
the comptonY attribute in the FLAMINGO code. Despite the model being
based on X-ray, this method performs better than the X-ray method. This
is most likely due to the bias parameter used for the model in this chapter
but not for the model in the X-ray chapter. This parameter compensates
for an underestimation of the mass due to hydrostatic mass bias of the
underlying X-ray model.

32
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Chapter 5
Discussion and conclusion

5.1 Comparison of methods

After investigating each method individually, we examined how well the
cluster mass measurement methods performed. Comparing Figures 2.1,
3.1, and 4.1 from the previous chapters, we can see that the three methods
were not equally effective at predicting the clusters’ true masses from the
catalogue.

The clear winner among the three mass estimation methods was the
Sunyaev-Zeldovich method. Its estimates for each cluster were very close
to the simulation truth from the catalogue and significantly outperformed
the other methods discussed in this study. The X-ray method was the
second-most and the dynamical method was the least effective. One rea-
son could be that the dynamical method is derived directly from theory.
The model was simplified such that all the parameters were known. The
X-ray and Sunyaev-Zeldovich results were based on more complex mod-
els that were fitted using many real observations of clusters.

At a glance, it may seem surprising, why the SZ method performs bet-
ter as a mass estimation method than the X-ray method since the model
equation (4.3) used for the Sunyaev-Zeldovich method was fitted using
results from an X-ray survey (Planck Collaboration, 2014). The key to un-
derstanding this is hydrostatic mass bias. While the X-ray and Sunyaev-
Zeldovich effect methods have assumptions about symmetry and the dy-
namics of the intra-cluster medium, our findings suggest that including
a bias term can compensate for that sufficiently. This explains why the
Sunyaev-Zeldovich effect estimates were more precise, as the model in-
cluded a bias term to compensate for hydrostatic mass bias, while the
X-ray estimate was done without including the bias as the X-ray model
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Figure 5.1: Comparison of the six clusters’ observational and simulation mass
estimates.
All masses are given as M200. In cases where only M500 was known, a conversion
factor of 1.3 was used. This particular conversion factor was chosen since it was
also used by (Stopyra et al., 2021), which makes comparison possible.
For each cluster, the data points are colour-coded based on the method used to
achieve the result: The dynamical method points are blue, the X-ray luminosity
results are yellow, and results based on the Sunyaev-Zeldovich effect are green.
The height in which they are plotted is slightly offset with the dynamical points
above the line associated with the cluster name and the SZ points slightly below.
The true simulation M200 value from the catalogue is indicated as a vertical black
line. Thus, this value can be compared to the results from all three methods.
The mass measurement results obtained using a Milky Way perspective pre-
sented in the last three chapters are represented by circles in the respective
colours. The error bars for them were determined by calculating the standard
deviation of all four results of each method (i.e. MW, x, y, and z perspectives).
The error bars of the dynamical method are visible. However, the error bars of
the other two methods are obscured behind the circle of the data point due to per-
spective having such a small influence on the results of the X-ray and SZ meth-
ods.
The data points marked by an x are observational results from various papers
and surveys. Their errors are indicated using a semi-translucent rectangle. These
mass estimates and their sources are discussed further in the main text of this
chapter.
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equation (3.6) from Lovisari et al. (2020) assumes hydrostatic equilibrium.
In addition to comparing the methods, we will compare each simula-

tion estimate to observational mass estimates. These comparisons can be
seen in Figure 5.1. The X-ray results with identical error bar widths in the
figure are from Piffaretti et al. (2011), the database of which does not in-
clude the uncertainty. Therefore, the error bars on those data points are
taken from Stopyra et al. (2021).

We then looked at each of the six clusters and their mass estimates
from SIBELIUS-FLAMINGO and the various observational estimates seen
in Figure 5.1 in detail:

Hercules A All simulation results of the Hercules A cluster are about an
order of magnitude larger in the simulation than most of the observa-
tional results shown in Figure 5.1, however, one of the X-ray surveys
(Babyk and Vavilova, 2013) is in agreement with the simulation X-ray
estimate. The region surrounding this cluster included many other
objects nearby which is visible in Figure 1.2a. As such a discrepancy
between observational and simulation mass results is unsurprising.

The dynamic observational results are taken from Lopes et al. (2018)
(the higher estimate) and Kopylova and Kopylov (2013) (the lower
estimate). The X-ray results are taken from Babyk and Vavilova (2013)
(the higher value) and Piffaretti et al. (2011) (the lower value). The
observational Sunyaev-Zeldovich effect result is from Planck Collab-
oration (2016).

Perseus The dynamical observational result of the Perseus-Pisces cluster
is the only observational result whose error bars reach into the cata-
logue M200 value.

The dynamical observational results of the Perseus-Pisces cluster are
from Meusinger et al. (2020) (the highest estimate), Escalera et al.
(1994) (the middle estimate), and Aguerri et al. (2020) (the lowest
estimate). The X-ray results are from Simionescu et al. (2011) (the
highest value) and Piffaretti et al. (2011) (the lowest value).

Norma This cluster is a good example of the general trend of the dynam-
ical mass estimate in the simulation being significantly higher than
the X-ray and SZ estimates, as well as higher than the simulation
truth. The observational values also have a much higher dynamical
mass than the X-ray or SZ value, while this dynamical mass is quite
close to the simulation X-ray value.

Version of June 10, 2024– Created June 10, 2024 - 09:20

35



36 Discussion and conclusion

The dynamical, X-ray, and Sunyaev-Zeldovich effect observational
mass estimates for the Norma cluster are from Woudt et al. (2008),
Piffaretti et al. (2011), and Planck Collaboration (2016), respectively.

Coma The Coma cluster results are in good agreement with each other
and the catalogue. On the side of the observations, the X-ray is the
furthest from the catalogue, in both the upper and lower limits. On
the side of the simulation, it is the dynamic method that is furthest,
most likely due to randomly aligned galaxies outside of the cluster
contaminating the result.

The dynamical and X-ray results for the Coma cluster are from Babyk
and Vavilova (2013) (the highest values) and Rines et al. (2003) (the
lowest dynamical value), and Piffaretti et al. (2011) (the lowest X-ray
value). The Sunyaev-Zeldovich effect result is from Planck Collabo-
ration (2016).

Leo The observational and simulation results show a similar trend as the
values for the Norma cluster. The simulation has significantly higher
values than the observations, with the dynamical method in both
cases being the highest.

The dynamical, X-ray, and Sunyaev-Zeldovich effect results for the
Leo cluster are from Rines et al. (2003), Piffaretti et al. (2011), and
Planck Collaboration (2016), respectively.

Virgo Both simulation and observational results lie relatively close to the
catalogue value. Since the Virgo cluster is closest to the Milky Way,
the Hubble flow rate is significantly lower and thus less noise can
be expected for the dynamic method especially. The low mass of
Virgo and proximity to the Milky Way makes it challenging for mass
estimates to be made based on real X-ray or SZ observations.

The dynamical mass estimate for the Virgo cluster is from Kashibadze
et al. (2020).

Another common method of mass measurement is the Weak Lensing.
It would be beneficial to include this mass measurement method in future
research comparing cluster mass measurement methods. While strong
gravitational lenses show multiple images of one background object, weak
gravitational lenses distort the images of background galaxies. The dis-
torted images of a few background galaxies are not enough to make con-
clusions about the mass of the lens, as the viewing angle from the line
of sight can also make a galaxy look stretched. Therefore, a statistically
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significant number of background galaxies is needed to estimate the mass
from the lens. Compared to the methods used in this project, an advan-
tage of the Weak Lensing method is that one measures the cluster mass
directly, instead of converting other observables like galaxy velocities or
the thermodynamical properties of the cluster’s gas.

5.2 Cluster masses in the local environment

The masses of clusters in the cosmic neighbourhood of the Milky Way can
be used to test cosmological models and shine a light on open questions
in cosmology. These questions include the Hubble (H0) tension as well
as the the σ8-tension. Therefore, precise measurement of cluster masses is
important.

On the one hand, if the clusters generally are less massive than ex-
pected from traditional dynamical measurements, the overall average den-
sity of the local environment would be lower in effect. In the most extreme
case, this could contribute to the Hubble tension as the local expansion rate
of a significantly underdense region would be higher than the average ex-
pansion rate of the universe. The question of whether or not the Milky
Way is part of a large underdense cosmological region is thus essential to
verify cosmological models. If this were true for all clusters in our cosmic
neighbourhood, this would mean that the total mass in this region was
lower than previously assumed. Such an under-density could contribute
to the Hubble tension as the cosmic expansion rate locally would be higher
than the average rate (Keenan et al., 2013). As long as mass estimates are in
disagreement about the matter content in the largest clusters in the region,
the overall local density cannot be quantified to a sufficient degree.

On the other hand, a large number of high mass clusters in any given
cosmological region would be unlikely given the current constraints from
ΛCDM. Generally, ΛCDM constricts the number of very massive clusters
in a given region. Stopyra et al. (2021) considered the likelihood of the
number of massive clusters in our cosmological neighbourhood. This de-
pends on the choice of σ8. Generally, the X-ray and especially the SZ mass
estimates are lower than the dynamical estimates. The likelihood calcula-
tions of Stopyra et al. (2021) favour between no and a few clusters in the
local environment having a mass larger than 1015hM⊙. They conclude that
ΛCDM would be unlikely if the dynamical mass estimation method were
more accurate than SZ and X-ray.

The local clusters in the SIBELIUS-FLAMINGO are very massive. As
discussed in McAlpine et al. (2022) within the context of SIBELIUS-DARK
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(which has very similar masses to SIBELIUS-FLAMINGO, see Table (1.1)),
the simulation masses can be interpreted as a prediction for an abundance
of very massive clusters in the local environment. However looking at Fig-
ure 5.1, the mass measurement results using SIBELIUS-FLAMINGO com-
pared to observational mass measurements suggest that the true masses
in the SIBELIUS simulations are higher than their masses in the physical
universe.

We have shown that within SIBELIUS-FLAMINGO, the simulation truth
lies closest to the results from the SZ effect method. While these simula-
tion results are significantly higher than real SZ effect observations, this
suggests that SZ effect results are more reliable than dynamical mass mea-
surements. Applying that to the real observations considered here, this
suggests that the true masses of the observed clusters are closer to the
lower SZ estimates. The number of massive clusters in the local environ-
ment is therefore most likely within the range expected by ΛCDM based
on the abundance predicted by Stopyra et al. (2021). However, these lower
masses of the clusters are not sufficient to draw conclusions about the
Hubble tension.

5.3 Conclusion

This research aimed to compare the dynamical, X-ray, and SZ effect meth-
ods for mass measurement of galaxy clusters. These methods were ap-
plied to six clusters (Hercules A, Perseus, Norma, Coma, Leo, and Virgo)
in the SIBELIUS-FLAMINGO simulation. The resulting mass measure-
ments of the three methods were compared to the true simulation value
and to observational mass measurements of the same clusters.

The Sunyaev-Zeldovich mass in the simulation is by far closest to the
true simulation M500 as seen above, suggesting that the SZ effect is the
most precise of the discussed methods. Generalising this to observational
SZ mass estimates, which tend to predict lower masses than most of the
dynamical masses and some of the X-ray masses, suggests that there are
fewer supermassive clusters in the local cosmic environment than pre-
dicted by dynamical mass estimates. This means the abundance of su-
permassive clusters is not greater than expected within ΛCDM.

The results of this study were primarily qualitative, as it was limited to
a small sample size of six clusters. Future research could use the methods
outlined in this thesis on a larger simulation with more clusters or mul-
tiple simulations to get statistically significant results on how the three
methods perform. These results could then be used to improve mass es-
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5.3 Conclusion 39

timates based on observations of clusters in the local environment. Ad-
ditionally, investigating how precisely the Weak Lensing method predicts
galaxy cluster masses, could further the precise measurement of cluster
masses as it is more directly observable than the results from the three
methods used here.

This study underlines the need to refine the methods used in clus-
ter mass measurement. Of the methods investigated in this thesis, the
Sunyaev-Zeldovich effect gave the closest results and should be consid-
ered to be a reliable method of cluster mass estimation.
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