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ABSTRACT

We investigate the baryonic gas content in galaxy clusters through mock X-ray analysis of the IllustrisTNG simulation, comparing it
with observational data from Chiu et al. (2018). Chiu et al. estimated the total mass, intracluster medium (ICM) mass, and stellar mass
for 91 Sunyaev-Zel’dovich effect (SZE) selected galaxy clusters from the South Pole Telescope (SPT-SZ) survey, utilizing Chandra
X-ray observations, optical data from the Dark Energy Survey, and near-infrared photometry from WISE or Spitzer. In this study, we
apply a modified β-model, similar to that used by Chiu et al., to estimate gas fractions in halos from the simulation. Our results reveal
a significant overestimation of gas fractions in the mock data compared to both the simulation and observational results, likely due to
simplified assumptions of spherical symmetry and hydrostatic equilibrium.
The mock data exhibit consistently higher gas fractions than those directly computed from the simulation, indicating that the method
inflates the true gas content in galaxy clusters. Moreover, unlike the observational data, which show a clear trend of increasing
gas fraction with halo mass, the mock gas fractions remain relatively flat across different halo masses. This discrepancy highlights
limitations in the IllustrisTNG feedback mechanisms, particularly AGN feedback, which appear insufficient to expel gas efficiently
beyond the halo’s virial radius.
These findings suggest that the true gas mass in galaxy clusters is likely lower than current estimates, including those reported by
Chiu et al.. Future improvements should focus on incorporating stronger feedback models and exploring more sophisticated X-ray
luminosity equations. Extending the analysis to the TNG-Cluster Simulation will also help clarify the efficiency of feedback processes
in the most massive halos and improve the accuracy of gas fraction predictions in galaxy clusters.

1. Introduction

1.1. Density, Temperature, and Metallicity

One of the methods to derive the mass of the intracluster medium
(ICM) in a halo is through X-ray data, as demonstrated by Chiu
et al. (2018). Studies have shown a strong correlation between
X-ray luminosity (LX) and temperature (T ) in galaxy clusters.
This relationship is typically described by a power law, where
higher temperatures correspond to higher luminosities. For in-
stance, in a sample of 31 nearby galaxy clusters, X-ray lumi-
nosity exhibited a steep power-law relation with temperature, in-
dicating that luminosity increases more rapidly than expected
from self-similar models. This steepening is primarily attributed
to variations in gas content with mass, rather than structural dif-
ferences among clusters (Pratt et al. 2009; Zhang et al. 2011).
We will revisit this relation in more detail when calculating X-
ray luminosity.

Density and metallicity also play important roles in influenc-
ing X-ray luminosity. Observations indicate that higher metal-
licity is associated with excess luminosity in the LX–T correla-
tion, suggesting that the presence of heavier elements enhances
cooling processes in the hot gas, thereby increasing X-ray emis-
sion (Mushotzky 1998). The gas density within clusters signif-
icantly impacts the X-ray emissivity, with denser environments
exhibiting stronger correlations with X-ray luminosity. Metal-
licity, particularly in low-density settings, can further influence
X-ray emission. Thus, in this research, it is essential to model
these quantities using simulations, such as IllustrisTNG, across
halos of varying masses.

In astrophysical halos, gas density is often correlated with
temperature. Higher density gas is more compressed, leading to

elevated temperatures due to increased pressure. This relation-
ship is particularly evident in galaxy clusters, where the hot ICM
spans a range of densities and temperatures. The gas temperature
in halos is also influenced by virial equilibrium, which relates the
total mass of the halo to its temperature. In self-similar models,
the expected relation is T ∝ M2/3. However, deviations from this
relation can occur due to processes like cooling flows and feed-
back from star formation or active galactic nuclei (AGN) (Pratt
et al. 2009).

In Figures 1 and 2, we plot mass-weighted temperature and
surface density as 2D histograms for halos with masses rang-
ing from 1012M⊙ to 1014M⊙. The first row shows results for all
temperatures, while the second row focuses on gas with tempera-
tures above 106 K. From the first row, we observe that the highest
mass-weighted temperatures occur where surface density is also
highest—at the halo centers. Comparing the two rows, we see
that in lower-mass halos, the particle count decreases, and the
deviation from the all-temperature distribution becomes more
pronounced.

Metallicity, defined as the abundance of elements heavier
than helium, is influenced by gas density. In denser regions, such
as halo centers, metals are retained more effectively due to grav-
itational potential wells, allowing for more efficient recycling of
metal-rich gas via galactic winds (Ma et al. 2016). This effect is
evident in Figure 3, where the highest mass-weighted metallicity
occurs in halo centers.

Additionally, metallicity has a complex relationship with
temperature: higher metallicity can enhance cooling processes,
while hotter gas tends to have lower metallicity because ener-
getic environments often eject metals from halos. Conversely,
cooler gas retains metals more efficiently, leading to higher
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Fig. 1: 2D map of gas surface density for halos with masses between 1012M⊙ and 1014M⊙. The first row includes all gas temperatures,
while the second row is restricted to gas with temperatures above 106 K. Surface density is defined as the gas mass divided by the
bin area. The plot limits are normalized to the virial radius, with the halo center at the origin.

Fig. 2: 2D map of mass-weighted temperature for halos with masses between 1012M⊙ and 1014M⊙. The first row includes all gas
temperatures, while the second row is restricted to gas with temperatures above 106 K. The highest mass-weighted temperatures
occur in regions of high gas surface density.

metallicity. This trend is also visible when comparing Figures 2
and 3, where the highest temperatures and metallicities are both
concentrated in halo centers.

In conclusion, from Figures 1, 2, and 3, we can draw the
following key points:

1. Higher gas density correlates with higher temperature due to
compression and virial equilibrium.

2. Denser regions retain more metals, resulting in higher metal-
licity.

3. Hotter gas generally has lower metallicity due to metal ejec-
tion, while cooler gas retains more metals.

1.2. Missing Baryon Problem, Cold and Hot Gas Fraction

The missing baryon problem refers to the discrepancy between
the predicted amount of baryonic matter in the universe and what

has been observed. According to measurements from the cosmic
microwave background (CMB) and Big Bang nucleosynthesis,
baryonic matter should account for approximately 4− 5% of the
universe’s total energy density. However, observations indicate
that less than half of this baryonic matter is accounted for in the
present-day universe, leading to the conclusion that a significant
amount of baryons is "missing." These missing baryons are be-
lieved to exist primarily in forms that are difficult to detect (Shull
et al. 2012), including:

– Warm-Hot Intergalactic Medium (WHIM): The WHIM
consists of hot, diffuse gas that fills the space between galax-
ies and is thought to contain a substantial fraction of the
missing baryons. Direct observation of the WHIM is chal-
lenging because it is too diffuse to be easily detected (Nicas-
tro et al. 2018).
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Fig. 3: 2D map of mass-weighted metallicity, normalized by the Sun’s metallicity (Z⊙ = 0.0134). The first row includes all gas
temperatures, while the second row is restricted to gas with temperatures above 106 K. Higher metallicity is observed in the central
regions of the halos, particularly where gas density is also higher.

– Circumgalactic Medium (CGM): The CGM is the gas sur-
rounding galaxies, which can harbor a significant amount of
baryonic matter. The CGM acts as a reservoir for baryons
and plays a crucial role in galaxy formation and evolution.

The fractions of hot and cold gas within halos are also related
to the missing baryon problem:

– Hot Gas Fraction: In massive halos, a larger fraction of the
baryonic matter exists in the form of hot gas, particularly in
the intracluster medium (ICM). The ICM contributes signif-
icantly to the baryon budget, accounting for around 4% of
the total baryon content, and is primarily composed of ion-
ized hydrogen at high temperatures. Measuring this hot gas
fraction is a key objective of this research.

– Cold Gas Fraction: In smaller halos, cold gas dominates
the baryonic mass. Cold gas is typically associated with star
formation and can be more readily observed. However, feed-
back processes such as supernovae and active galactic nuclei
(AGN) can expel cold gas from halos, contributing to the
lower observed baryon fraction, which ties into the missing
baryon problem.

IIn Figures 4 and 5, we plot the ratio of different baryonic
components to the halo mass, defined as M200c, for the following
five components:

1. Total halo baryonic mass within R200c: Gas + stars + black
holes.

2. Total halo gas mass within R200c: Gas only.
3. Hot gas within R200c (T ≥ 106 K).
4. Cold/cool/warm gas within R200c (T < 106 K).
5. Stellar mass within R200c.

In both figures, the lines represent the median values, and in
Figure 4, the shaded region shows the standard deviation. No-
tably, the y-axis in both figures is normalized by the cosmic
baryon fraction (0.157), providing the normalized baryon frac-
tion.

From these results, it becomes evident that in massive ha-
los (with masses exceeding 1014M⊙), the hot gas fraction ap-
proaches unity and closely follows the total baryonic mass. This
emphasizes the importance of focusing on hot gas in these sys-
tems for the remainder of this research. However, it is also appar-
ent that the stellar mass is approximately one order of magnitude
lower in significance, while the cold gas mass is more than two
orders of magnitude less important for clusters (halos more mas-
sive than 1014M⊙).

1.3. X-Ray Luminosity

The hot gas fraction in massive halos, such as galaxy clusters,
accounts for a significant portion of the total baryonic matter.
Simulations suggest that the gas mass fraction approaches the
cosmic baryon fraction in high-mass clusters. This implies that
a large fraction of the baryons in these systems exists as hot, dif-
fuse gas in the intracluster medium (ICM). The hot gas in the
ICM is primarily composed of ionized hydrogen at high temper-
atures. At these temperatures, the gas emits strongly in X-rays
through a process known as thermal bremsstrahlung, in which
electrons are accelerated by the electric fields of ions. By study-
ing the X-ray emission from the ICM, we can infer the tempera-
ture, density, and metallicity of the hot gas.

For this research, due to time constraints, we use the X-ray
luminosity equation from Navarro et al. (1995), given by:

LX = 1.2 × 10−24(µmp)−2mg

Ngas∑
i=1

ρiT
1/2
i erg s−1 (1)

where mg is the mass of a gas particle, ρi and Ti are the density
and temperature (in keV) at the position of the i-th gas particle,
mp is the proton mass, and µ = 0.6 for a fully ionized primor-
dial plasma. Since X-ray emission is primarily associated with
hot gas, we will calculate the X-ray luminosity only for gas that
meets the hot gas criterion as defined earlier (temperature above
106 K).

Using equation 1, we generate a 2D histogram of X-ray lu-
minosity for a sample halo, shown in Figure 6. As expected,
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Fig. 4: Normalized baryonic mass by the cosmic baryon fraction (0.157) plotted versus halo mass (M200c) for halos more massive
than 1011M⊙. The five lines represent different baryonic components: total halo baryonic mass (gas + stars + black holes), total halo
gas mass, hot gas (T ≥ 106 K), cold gas (T < 106 K), and stellar mass. The lines show the median values, and the shaded region
addresses the standard deviation.

the highest X-ray luminosity is concentrated in the center of the
halo, which corresponds to the location of the central galaxy. As
we move away from the center, the X-ray luminosity decreases.
A similar trend is observed in subhalos, where the central regions
exhibit the highest X-ray luminosities.

Similar to Figures 2 and 3, we can compare the mass-
weighted temperature and X-ray-luminosity-weighted tempera-
ture, using equation 1. As shown in Figure 7, the highest temper-
atures are located in regions with the highest gas mass or X-ray
luminosity, which aligns with the expectation from the relation
LX ∝ T 1/2.

Similarly, Figure 8 compares the mass-weighted and X-ray-
luminosity-weighted metallicities. As discussed in previous sec-
tions, the highest metallicities occur in the densest regions with
the most massive gas, and the same pattern is observed here,
where regions with the highest X-ray luminosity also exhibit the
highest metallicity.

To validate the use of equation 1 for calculating X-ray lu-
minosity, we compare our results with those of Truong et al.
(2024) using the PyXSIM package, which simulates X-ray emis-
sion based on gas density, temperature, and metallicity. Figure 9
shows the X-ray luminosity plotted against halo mass for a mock
simulation, reproducing the trend seen in Truong et al. (2024).
Both plots demonstrate an increase in X-ray luminosity with halo

mass, with similar values for halos of the same mass range. The
primary difference is the range of masses and the number of ha-
los in each mass bin, which is limited in our case due to memory
constraints (using TNG100-3). This comparison confirms that
using equation 1 is a valid approach given the limitations of this
research.

2. Methods

The primary goal of this paper is to create a mock X-ray analysis
in the IllustrisTNG simulation, following a similar methodology
to that used in Chiu et al. (2018). The main steps we will follow
are outlined below:

1. Surface Brightness Profile: To derive the radial surface
brightness profile, we divide the halo into concentric spheri-
cal shells of thickness δR. For each shell, we sum over the X-
ray luminosity values derived using equation 1. As the goal is
to simulate observational data, we project the 3D data onto
a 2D surface, which introduces changes to the distribution.
For example, a gas particle located far from the center in 3D
space may appear closer to the center once projected onto
2D, especially at smaller radii, as shown in Figure 11. The
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Fig. 5: The ratio of different baryonic components to the halo mass, normalized by the cosmic baryon fraction (0.157), plotted versus
halo mass (M200c) for halos more massive than 1011M⊙. The five lines represent: total halo baryonic mass, total halo gas mass, hot
gas (T ≥ 106 K), cold gas (T < 106 K), and stellar mass. The lines show the median values. The legends have been simplified to
improve clarity.

surface brightness in 2D and 3D is computed as follows:

S (R) =
LX

π
[
(R + δR)2 − R2] , (2)

We apply this procedure to all halos more massive than
1013M⊙. The results are displayed in Figure 12. The num-
ber of halos used is limited by memory constraints and the
use of the TNG100-3 simulation.

2. Emissivity: After obtaining the surface brightness, we need
to convert it into emissivity. The emissivity can be derived as
(Kay & Pratt 2022):

EM(r) = 4π(1 + z)4 S (θ)
Λ(T, z)

, r = dA(z) θ, (3)

where S (θ) is the surface brightness, Λ(T, z) is the cooling
function, and dA(z) is the angular diameter distance. For the
radial profile, the emissivity can be expressed as:

EM(r) = (1 + z)4 S (R)
Λ(T, z)

. (4)

Setting z = 0 (as we are using snapshot 99 of the simulation),
we can plot the emissivity profile, as shown in Figure 13 in
black line.

3. Modified Beta Model: To fit the emissivity profile, we use
the modified β-model, as in Chiu et al. (2018). The modified
β-model is expressed as (McDonald et al. 2013):

nenp = n2
0

(
r
rc

)−α
(
1 + r2

r2
c

)3β− α2 (1 + r3

r3
s

)− ϵ3 , (5)

where ne and np are the electron and proton densities, respec-
tively, n0, rc, rs, α, β, and ϵ are free parameters to be fitted.
Using ne = Znp, the gas density can be calculated as:

ρ2
g(r) =

n2
0A2m2

p

Z

(
r
rc

)−α
(
1 + r2

r2
c

)3β− α2 (1 + r3

r3
s

)− ϵ3 , (6)

where A = 1.397 and Z = 1.199.
To fit the emissivity data, we integrate the β-model along the
line of sight, yielding the following integral:

∫ 2rvir

0
n2

edl =
∫ 2rvir

0
n2

0

(
r
rc

)−α
(
1 + r2

r2
c

)3β− α2 (1 + r3

r3
s

)− ϵ3 dl, (7)
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Fig. 6: 2D map of X-ray luminosity for a sample halo, calculated
using equation 1. The highest luminosity is observed at the halo
center, which is the location of the central galaxy. The luminosity
decreases with increasing radial distance from the center.

where r =
√

R2 + l2 is the 3D distance, R is the projected
radius, and l is the line of sight.
Figure 13 shows the emissivity profile fitted using this mod-
ified β-model.

4. Once the optimal parameters (n0, α, β, ϵ, rc, and rs) are de-
termined from the emissivity fit, we can use equation 6 to
calculate the gas density profile. The results are plotted in
Figure 14.

5. Finally, we integrate the gas density profile over the radial
range from 0 to R500c. This gives the mass of the ICM gas
(MICM). By dividing this by the total halo mass, we can com-
pute the baryon fraction, which is presented in the results
section.

3. Results and Discussion

In this section, we discuss the key findings from our analysis
of the mock X-ray data derived from the IllustrisTNG simula-
tion. The primary goal was to study the hot gas fractions within
halos and compare these with the corresponding observational
data from Chiu et al. (2018). Chiu et al. derived total masses
(M500), intracluster medium (ICM) masses (MICM), and stellar
masses (M∗) for a sample of 91 galaxy clusters using data from
the South Pole Telescope SPT-SZ survey. This involved a combi-
nation of Sunyaev-Zel’dovich effect (SZE) measurements, Chan-
dra X-ray observations, and infrared photometry from DES and
WISE/Spitzer. Our analysis reveals significant discrepancies be-
tween the gas fractions obtained from simulations, mock data,
and observational results.

3.1. Mock Overestimates Gas Fractions Compared to
Simulation Data

Our results show a systematic overestimation of gas fractions
in the mock data compared to those computed directly from
the simulation. Figure 15 presents a comparison between the
halo baryon fractions obtained from the simulation data and the
mock baryon fractions derived using the methodology described
in Section 2.

As illustrated in the top panel of Figure 15, the mock halo
baryon fractions are generally higher than the fractions com-
puted directly from the simulation, especially for halos more
massive than 1014M⊙. The bottom panel shows that the ratio
of mock to simulation baryon fractions is consistently greater
than one, indicating a significant overestimation in the mock ap-
proach.

This overestimation likely arises due to the simplified as-
sumptions underlying the mock methodology, particularly the
use of the Navarro et al. (1995) equation for X-ray luminosity.
This equation, while useful, does not fully capture the complex
physics of X-ray emission, such as line emission and cooling
effects, which can significantly impact the accuracy of gas frac-
tion estimates. Furthermore, the reliance on hydrostatic equilib-
rium in mock estimates ignores the potential role of non-thermal
pressure support from turbulence and cosmic rays, which are not
fully accounted for in the β-model fitting used to infer gas frac-
tions. This limitation is exacerbated in simulations where feed-
back mechanisms such as AGN-driven winds and supernovae are
not as effective in redistributing gas, leading to further discrep-
ancies.

These results suggest that both simulations and observational
methodologies may be overestimating the true gas content within
galaxy clusters. For future studies, improvements could involve
replacing the Navarro et al. (1995) equation with more accurate
X-ray models that better account for the full range of physical
processes influencing gas distribution.

3.2. Discrepancies Between Mock and Observational Data

A key finding from our analysis is the difference in trends be-
tween the mock baryon fractions and those observed in galaxy
clusters. In Figure 16, we compare the mock baryon fractions de-
rived from the IllustrisTNG simulation to the observational data
from Chiu et al. (2018), which was based on the SPT-SZ survey
and Chandra X-ray observations.

As shown in Figure 16, the mock baryon fractions are gener-
ally higher than those obtained from the observational data. Ad-
ditionally, a key difference is the trend with halo mass. In the ob-
servational data, we observe a clear positive correlation between
the baryon fraction (normalized by MICM) and halo mass, with
higher fractions seen in more massive halos. This trend likely
reflects the fact that more massive halos are more effective at re-
taining their gas content, especially hot gas, due to their stronger
gravitational potential.

However, in the mock data from the IllustrisTNG simulation,
no such trend is observed. The mock baryon fractions remain
relatively constant across a wide range of halo masses. This dis-
crepancy suggests that the feedback processes implemented in
the simulation may not be sufficiently mass-dependent to repli-
cate the gas retention seen in real galaxy clusters. In particular,
AGN feedback in the TNG model may not scale strongly enough
with halo mass to reflect the observed increase in gas fractions
in more massive systems.
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Fig. 7: 2D map of temperature for a sample halo. The first row shows mass-weighted temperature, while the second row shows
X-ray-luminosity-weighted temperature, calculated using equation 1. The highest temperatures are concentrated in regions with the
highest gas mass or X-ray luminosity.

Fig. 8: 2D map of metallicity for a sample halo. The first row shows mass-weighted metallicity, and the second row shows X-ray-
luminosity-weighted metallicity, calculated using equation 1. The highest metallicities are found in regions with the highest X-ray
luminosity and mass.

This lack of trend in the simulation highlights a key area for
further improvement in the TNG model. The feedback mech-
anisms, particularly AGN-driven processes, need to be refined
to better match the mass-dependent gas retention seen in real
clusters. Stronger feedback in lower-mass halos, combined with
more efficient gas retention in the most massive systems, may
help to align the simulation results with observational data.

3.3. Conclusions and Future Directions

In this research, we focused primarily on hot gas, although the
stellar mass and cold gas, as shown in Figure 5, can contribute
approximately 10% and 1% of the total baryonic fraction, re-
spectively. A future direction for this work could involve creat-
ing mock observations to further explore the distribution of cold

gas and stellar mass, thereby obtaining a more complete picture
of the baryonic components in galaxy clusters.

The results of our analysis suggest that the methodology used
to estimate gas fractions in both simulations and observations
likely leads to an overestimation of the true halo gas content.
This overestimation stems from several factors, including the
limitations of the modified β-model, the assumption of spheri-
cal symmetry, and the failure to account for non-thermal pres-
sure support in observations. In simulations, the inefficiency of
feedback mechanisms and the underestimation of physical pro-
cesses that lead to the ejection of gas beyond the halo boundary
contribute to the inflated gas fractions.

One improvement for future studies could involve replacing
the Navarro et al. (1995) equation for X-ray luminosity with
more accurate models, which may lead to more accurate esti-
mates of gas fractions.

Article number, page 7 of 10



A&A proofs: manuscript no. output

Fig. 9: Figure 1 from Truong et al. (2024): distribution of galaxy
clusters derived in the LX M500c plane at redshift z = 0, display-
ing the comparison between TNG-Cluster (grey) and TNG300
(blue) simulations and the observational data of the Perseus clus-
ter from Giacintucci et al. (2019). In the mass range of Perseus,
M200c = 1014.7−15M⊙ (or M500c = 1014.41014.87M⊙), the TNG-
Cluster dataset contains 135 halos.

Fig. 10: X-ray luminosity, calculated using equation 1, plotted
against halo mass (M200c) for a range of halos. The plot shows
an increase in X-ray luminosity with increasing halo mass, con-
sistent with the general trend observed in simulations.

Finally, extending this analysis to the TNG-Cluster Simula-
tion will provide a more comprehensive understanding of the gas
fractions in the most massive halos. It will also help test whether
the overestimation of gas fractions persists in higher-mass sys-
tems, allowing for a more accurate comparison between simu-
lations and observations. This will ultimately provide deeper in-
sights into the physical processes that regulate the baryon con-
tent of galaxy clusters.
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Fig. 11: Comparison of X-ray surface brightness in 2D and 3D, calculated using equation 2. The profile is plotted against radius
R, with a shell thickness δR = 0.05R200c. The 2D projection results in particles at larger radii appearing closer to the center when
projected.

Fig. 12: X-ray surface brightness, calculated using equation 2,
for all halos more massive than 1013M⊙. The surface brightness
is projected in 2D for each halo and plotted as a function of ra-
dius.

Fig. 13: Emissivity profile of a sample halo, fitted with the mod-
ified β-model using equation 7. The fit provides the free param-
eters (n0, α, β, ϵ, rc, and rs).
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Fig. 14: Gas density profile computed using the fitted parameters
from the β-model (equation 6). The thick line represents the pro-
file of a specific cluster for which the fit was performed. Thinner
lines represent the density profiles for other clusters for compar-
ison.

Fig. 15: Top: The halo baryon fraction is computed purely using
the simulation data (as shown in Figures 5, 6, and 7) for halos
more massive than 1014M⊙. Additionally, the mock halo baryon
fraction is calculated using the methodology explained in Sec-
tion 2. The solid line represents the median. Bottom: The ratio
of the mock baryon fraction to the simulated baryon fraction,
plotted as a function of halo mass for halos more massive than
1014M⊙. The plotted line represents the median value.

Fig. 16: The halo baryon fraction computed using the method de-
scribed in Section 2 with the IllustrisTNG simulation compared
with data extracted from Table 2 of Chiu et al. (2018). The obser-
vational baryon fraction is calculated by dividing MICM by M500.
The y-axis label represents the normalized baryon fraction.
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