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Motivation

ESA/HubbleBorm+ 14

• Number of galaxy clusters 
is very sensitive to 
cosmology

• Facilities like eRosita, LSST 
and Simons Observatory 
increase the number of 
known clusters by two 
orders of magnitude

• Systematics limited with 
new surveys

• Numerical simulations provide a “truth”, allowing us 
to explore potential systematics

• Goal: Examine systematics that potentially limit 
cosmology
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r500 r500

MOCK-X

• Synthetic datacubes for all clusters present in 
IllustrisTNG, BAHAMAS and MACSIS simulation

• M500 > 1014 M⦿, 6 projections, 11,000+ at z = 0

• Derive properties via observational methods



Mass bias – X-ray 

z = 0.3

• Find typical mass bias of b = 0.2, however bias 
increases for largest clusters

• Result of fitting a single temperature model to 
diverse temperature distribution



Mass bias – X-ray + SZ
TNG300
BAHAMAS
MACSIS

z = 0.1 z = 0.5 z = 1.5

Kannan, DJB+ in 
prep.

z = 0.1 z = 0.5 z = 1.5

M
as

s 
B

ia
s



Scaling relations

0.0

0.5
1.0
2.0

0.2

shift t
o higher m

asses at lo
wer z

X-ray and Sunyaev-Zel’dovich Scaling Relations
in the IllustrisTNG Simulations

Redshift evolution
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Under the assumption of monolithic gravitational collapse and 
hydrostatic equilibrium, clusters would follow the self-similarity 
scaling: !  [5]. Nonetheless, as confirmed from X-ray 
observations, clusters are not in perfect hydrostatic equilibrium. It 
is thus interesting to investigate the slopes of the measured 
scaling relations and their deviation from self-similarity as a way to 
probe the role of astrophysical processes at different mass scales. 
We fit each of the scaling relations using four different models, as 
detailed below. We also derive the uncertainties in our best-fit 
parameters by performing our analysis on 10000 bootstrap 
samples with replacement. 

Since our goal is to determine the slope of a power-law relation, 
we need to carefully select the statistics applied to each mass bin 
such that the underlying slope will not be biased. By construction, 
geometric means preserve the original slope of the data in log-log 
space and they are the preferred statistic for each mass bin, as the 
logarithm of the geometric mean is the arithmetic mean of ! . 

LbolX,500c ∝ M4/3500c

log(x)

Forthcoming data from missions such as e-Rosita, Athena, SPT-3G, 
Euclid, LSST and Simons Observatory will revolutionize cluster 
cosmology and provide a detailed picture of the evolution of clusters 
across time. 
We study the redshift evolution of both X-ray and SZ scaling relations in 
IllustrisTNG. The soft band luminosity shown in the figure below gives 
important predictions for understanding the role of AGN feedback. At low 
redshifts, we see a shift in the scaling relation to the right as a result of 
the increasing halo mass. Galaxies exhibit larger scatter in Lx at lower z.

Redshift
At galaxy and group scales,  
Lx increases with increasing z.

lower scatter for higher masses & redshifts

Break in the scaling relations BUT transition 
is gradual.  A smoothly broken power law 
provides a better fit + predictions for the very 
highest mass clusters.

Broken power law with fixed pivot Broken power law with free pivot Smoothly broken power law with free pivot

We find no sharp break in the scaling relations. Instead, the slope 
changes gradually from cluster to galaxy scales and is well fit by a 
smoothly broken power law. The hyperbolic tangent in the slope 
formula below allows the fit to asymptotically reach a power law with 
slope !  for high mass clusters. The parameter !  characterizes the 

width of the transition region between the two slopes ! .

α2 δ
(α1 → α2)

By allowing the pivot to be free, our fit gets better, 
with a preferred value of !  . The exact 
location of the pivot depends on the AGN feedback 
model. Moreover, relaxed clusters prefer a 
significantly higher slope and a pivot shifted to lower 
masses (! ).

Xpiv = 9 × 1013M⊙

Xpiv ≃ 6 × 1013M⊙

The !  goodness of fit gets better as we move from 
a single power law to a broken power law, indicating 
that there is a break in self-similarity. In most 
previous studies, the pivot of the broken power law is 
set to a fixed arbitrary value.

χ2

Cosmological simulations 
like IllustrisTNG provide 
valuable predictions for 
upcoming X-ray surveys. 

Geometric means should be used for binning the 
data without altering the true power law slope.

We produce mock X-ray observations of 
IllustrisTNG galaxies, groups and clusters, 
accounting for the bias and scatter introduced by 
estimating halo masses. Our pipeline also 
includes the contribution of emission lines to the 
soft-band spectrum.

Break in self-similarity
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Lx scaling relation
In an upcoming paper, we will present 
a detailed study of X-ray and 
Sunyaev-Zel’dovich scaling relations 
such as: ! , ! , ! , 
! , ! , !  .  
In order to succinctly demonstrate the 
methodology applied in the paper, 
for this poster we chose to focus on 
one of these scalings: the soft-band  
X-ray luminosity (! ) vs. mass. 

The figure on the right exemplifies the 
good agreement between 
observations and the luminosities of 
IllustrisTNG galaxies & clusters. 
Quantities measured within the true 
simulation aperture (! ) are shown 
in purple, while the blue contours 
indicate the !   and !  scatter in 
luminosities measured within the 
spectroscopic aperture (! ). 

X-ray derived estimates of halo 
masses are not only biased, but they 
also introduce significant scatter in the 
scaling relations. In this case, we see 
in the bottom panel that the scatter: 

!  

for mock X-ray luminosities measured 
in IllustrisTNG is closer to that in 
observations when quantities are 
integrated within the spectroscopic 
aperture !  .
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Mass bias and scatter when estimating masses  
inside spectroscopic apertures (! )R500c,SPEC

Emission lines are very important, 
especially at groups and galaxies scales; 
ignoring them can lead to highly 
underestimated values of Lx

When comparing X-ray predictions from simulations and 
observations, it is critical to use methods that closely 
match the pipelines used for observational data. We 
produce mock X-ray observations for the IllustrisTNG 
simulations, covering a wide range of mass scales: from 
galaxies and groups to the most massive galaxy clusters.  

Using each gas cell’s temperature, density and metallicity, 
we first compute a rest-frame X-ray spectrum using the 
Astrophysical Plasma Emission Code [1] via the 
!  module [2]. The spectrum of a given gas cell is 
the sum of the individual spectra for each of the 11 
chemical elements tracked in the simulation, scaled by 
their respective elemental abundances. Neglecting 
emission lines can lead to underestimated luminosities, 
especially at group and galaxy scales (bottom right 
figure). We then fit a single temperature APEC model to 
our resulting spectrum (convolved with the effective area 
of Chandra) in 25 concentric radial bins, obtaining an 
estimate of the density, temperature and metallicity of gas 
as a function of radius. To calculate soft band X-ray 
luminosities, we finally integrate the spectra of all gas 
cells with energies between 0.5-2 keV that fall within a 
given aperture. 

A fair comparison to observations also requires 
accounting for the bias and scatter introduced by 
estimated masses. We fit the X-ray derived temperature 
and density profiles using the functional forms in [3] which 
assume hydrostatic equilibrium. This way we derive 
spectroscopic mass (!  ) and radius (! ) 
estimates for each galaxy. The top right figure highlights 
the large scatter in the ratio of the X-ray hydrostatic mass 
to the true simulation mass (! ) as 
a function of the true mass ! . 

IllustrisTNG simulations use an improved AGN feedback 
model [4] compared to the Illustris galaxy model. At low 
accretion rates, a new kinetic feedback model imparts 
momentum to the surrounding gas in a stochastic manner. 
As shown in the figure below, AGN feedback in Illustris 
(red points) was too strong and evacuated almost all hot 
gas inside massive galaxies. On the other hand, 
IllustrisTNG (blue points) recovers X-ray and SZ scaling 
relations that are in good agreement with observations.

PYATOMDB

M500c,SPEC R500c,SPEC

1 − b = M500c,SPEC /M500c,SIM
M500c,SIM
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Under the assumption of monolithic gravitational collapse and 
hydrostatic equilibrium, clusters would follow the self-similarity 
scaling: !  [5]. Nonetheless, as confirmed from X-ray 
observations, clusters are not in perfect hydrostatic equilibrium. It 
is thus interesting to investigate the slopes of the measured 
scaling relations and their deviation from self-similarity as a way to 
probe the role of astrophysical processes at different mass scales. 
We fit each of the scaling relations using four different models, as 
detailed below. We also derive the uncertainties in our best-fit 
parameters by performing our analysis on 10000 bootstrap 
samples with replacement. 

Since our goal is to determine the slope of a power-law relation, 
we need to carefully select the statistics applied to each mass bin 
such that the underlying slope will not be biased. By construction, 
geometric means preserve the original slope of the data in log-log 
space and they are the preferred statistic for each mass bin, as the 
logarithm of the geometric mean is the arithmetic mean of ! . 

LbolX,500c ∝ M4/3500c

log(x)

Forthcoming data from missions such as e-Rosita, Athena, SPT-3G, 
Euclid, LSST and Simons Observatory will revolutionize cluster 
cosmology and provide a detailed picture of the evolution of clusters 
across time. 
We study the redshift evolution of both X-ray and SZ scaling relations in 
IllustrisTNG. The soft band luminosity shown in the figure below gives 
important predictions for understanding the role of AGN feedback. At low 
redshifts, we see a shift in the scaling relation to the right as a result of 
the increasing halo mass. Galaxies exhibit larger scatter in Lx at lower z.

Redshift
At galaxy and group scales,  
Lx increases with increasing z.

lower scatter for higher masses & redshifts

Break in the scaling relations BUT transition 
is gradual.  A smoothly broken power law 
provides a better fit + predictions for the very 
highest mass clusters.

Broken power law with fixed pivot Broken power law with free pivot Smoothly broken power law with free pivot

We find no sharp break in the scaling relations. Instead, the slope 
changes gradually from cluster to galaxy scales and is well fit by a 
smoothly broken power law. The hyperbolic tangent in the slope 
formula below allows the fit to asymptotically reach a power law with 
slope !  for high mass clusters. The parameter !  characterizes the 

width of the transition region between the two slopes ! .

α2 δ
(α1→ α2)

By allowing the pivot to be free, our fit gets better, 
with a preferred value of !  . The exact 
location of the pivot depends on the AGN feedback 
model. Moreover, relaxed clusters prefer a 
significantly higher slope and a pivot shifted to lower 
masses (! ).

Xpiv = 9 × 1013M⊙

Xpiv ≃ 6 × 1013M⊙

The !  goodness of fit gets better as we move from 
a single power law to a broken power law, indicating 
that there is a break in self-similarity. In most 
previous studies, the pivot of the broken power law is 
set to a fixed arbitrary value.

χ2

Cosmological simulations 
like IllustrisTNG provide 
valuable predictions for 
upcoming X-ray surveys. 

Geometric means should be used for binning the 
data without altering the true power law slope.

We produce mock X-ray observations of 
IllustrisTNG galaxies, groups and clusters, 
accounting for the bias and scatter introduced by 
estimating halo masses. Our pipeline also 
includes the contribution of emission lines to the 
soft-band spectrum.

Break in self-similarity
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Lx scaling relation
In an upcoming paper, we will present 
a detailed study of X-ray and 
Sunyaev-Zel’dovich scaling relations 
such as: ! , ! , ! , 
! , ! , !  .  
In order to succinctly demonstrate the 
methodology applied in the paper, 
for this poster we chose to focus on 
one of these scalings: the soft-band  
X-ray luminosity (! ) vs. mass. 

The figure on the right exemplifies the 
good agreement between 
observations and the luminosities of 
IllustrisTNG galaxies & clusters. 
Quantities measured within the true 
simulation aperture (! ) are shown 
in purple, while the blue contours 
indicate the !   and !  scatter in 
luminosities measured within the 
spectroscopic aperture (! ). 

X-ray derived estimates of halo 
masses are not only biased, but they 
also introduce significant scatter in the 
scaling relations. In this case, we see 
in the bottom panel that the scatter: 

!  

for mock X-ray luminosities measured 
in IllustrisTNG is closer to that in 
observations when quantities are 
integrated within the spectroscopic 
aperture !  .
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Mass bias and scatter when estimating masses  
inside spectroscopic apertures (! )R500c,SPEC

Emission lines are very important, 
especially at groups and galaxies scales; 
ignoring them can lead to highly 
underestimated values of Lx

When comparing X-ray predictions from simulations and 
observations, it is critical to use methods that closely 
match the pipelines used for observational data. We 
produce mock X-ray observations for the IllustrisTNG 
simulations, covering a wide range of mass scales: from 
galaxies and groups to the most massive galaxy clusters.  

Using each gas cell’s temperature, density and metallicity, 
we first compute a rest-frame X-ray spectrum using the 
Astrophysical Plasma Emission Code [1] via the 
!  module [2]. The spectrum of a given gas cell is 
the sum of the individual spectra for each of the 11 
chemical elements tracked in the simulation, scaled by 
their respective elemental abundances. Neglecting 
emission lines can lead to underestimated luminosities, 
especially at group and galaxy scales (bottom right 
figure). We then fit a single temperature APEC model to 
our resulting spectrum (convolved with the effective area 
of Chandra) in 25 concentric radial bins, obtaining an 
estimate of the density, temperature and metallicity of gas 
as a function of radius. To calculate soft band X-ray 
luminosities, we finally integrate the spectra of all gas 
cells with energies between 0.5-2 keV that fall within a 
given aperture. 

A fair comparison to observations also requires 
accounting for the bias and scatter introduced by 
estimated masses. We fit the X-ray derived temperature 
and density profiles using the functional forms in [3] which 
assume hydrostatic equilibrium. This way we derive 
spectroscopic mass (!  ) and radius (! ) 
estimates for each galaxy. The top right figure highlights 
the large scatter in the ratio of the X-ray hydrostatic mass 
to the true simulation mass (! ) as 
a function of the true mass ! . 

IllustrisTNG simulations use an improved AGN feedback 
model [4] compared to the Illustris galaxy model. At low 
accretion rates, a new kinetic feedback model imparts 
momentum to the surrounding gas in a stochastic manner. 
As shown in the figure below, AGN feedback in Illustris 
(red points) was too strong and evacuated almost all hot 
gas inside massive galaxies. On the other hand, 
IllustrisTNG (blue points) recovers X-ray and SZ scaling 
relations that are in good agreement with observations.
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Single power law

Pop, DJB+ in prep.

• High-mass slope depends on fitting method

• Issue for the relative mass calibration required for 
cosmology from future surveys



f

Observational covariance

• For small samples fit has a negligible impact, but 
becomes important for large samples of objects

• Critical for characterizing scatter and covariance

f

Jorgenson, DJB+ in 
prep.

TNG300  z = 0.3
Power law – clusters

Power law – medians
SBPL - medians

BAHAMAS z = 0.3



Relaxed clusters?

Halo 11 - B Halo 11 - Z

• Visual classification impractical in the future, but 
how do image features perform?

• Explore a range of observational and theoretical 
criteria for classifying clusters as relaxed



Relaxation comparison

• Simulated and observed distributions agree 

• All criteria evolve with both redshift and numerical 
choices



Parameter correlation

Cao, DJB+ in prep.

• All criteria are generally correlated with each other, 
though it weakens for theory-observation 
comparison

• Currently exploring the “best” combination via 
machine learning techniques



Conclusions
• Will be systematics limited in 5 years time

• Numerical simulations have matured to the point 
that they can be used to explore systematics

• Mass bias does not evolve with redshift, but non-
thermal pressure fraction increases. Haloes at high 
redshift are over-pressured due to accretion

• Scaling relation slopes, scatter and observable 
covariance are sensitive to fitting method

• Relaxation parameters evolve with redshift and 
numerical choices, but are well matched to low-
redshift observations
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