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OutlineOutline

● Introduction
● Cosmology
● HIFLUGCS

● Cosmology with HIFLUGCS
● Data analysis
● Total mass estimates
● Cosmological results
● X-ray calibration uncertainties
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Cosmology and structure formation

● Energy composition of the Universe 
leads to structure formation scenario

→ Overdensities collapse due to 
gravity 

● Today: Number density → Halo Mass 
Function

IntroductionIntroduction

Credit: Volker Springel

Time
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M tot (<r )=
−r kBT

Gμmp
( d lnρgas

d ln r
+

d lnT
d ln r )

Total gravitating Mass

● Total mass assuming hydrostatic equilibrium
● Temperature and density profile needed

IntroductionIntroduction

● Each cluster analyzed individually
● LM scaling relation derived self-consistently from same 

sample
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● Flux limited ( ), complete and selected from ROSAT

● 64 very bright and nearby galaxy clusters

● All HIFLUGCS clusters observed (many several times) with Chandra

2⋅10−11erg s−1 cm−2

HIFLUGCSHIFLUGCS
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Reiprich+02

HIFLUGCSHIFLUGCS



9

64 HIFLUGCS Galaxy Clusters observed with Chandra
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Removing SubstructureRemoving Substructure
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SubstructureSubstructure



5 free parameters

8 free parameters

10 free parameters

Gastaldello+07

Appropriate temperature Appropriate temperature 
parametrizationparametrization
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Mass extrapolationMass extrapolation

For most clusters extrapolation of temperature profile needed

Extrapolation of the measured temperature profile or NFW fit to 
the mass profile

kT extrapolated

NFW 
extrapolation
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Mass extrapolationMass extrapolation

For most clusters extrapolation of temperature profile needed

Extrapolation of the measured temperature profile or NFW fit to 
the mass profile

kT extrapolated

NFW 
extrapolation
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Dyn. mass comparisonDyn. mass comparison

Zhang+16 
subm.
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Planck SZ mass comparisonPlanck SZ mass comparison

86



17

Observations

Model
Tinker+08 Mass Function

CosmologyCosmology

p - Probability to 
detect clusters

LM relation 
to select 
clusters

<N> - clusters 
predicted from HMF

Likelihood function:
(Mantz+10,15)

Mass

Lu
m

in
os

ity
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Flat Priors:

Other parameters set to WMAP9 
priors

ResultsResults
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68.3%95.4%

Cosmological resultsCosmological results
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Cosmological resultsCosmological results
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Cosmological resultsCosmological results

Distant 
clusters

Nearby 
clusters
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Cosmological resultsCosmological results

Relaxed clusters only
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Cosmological resultsCosmological results
What is a (hydrostatic) mass bias?
● Hydrostatic masses only account for gravity
● Non-gravitational effects
● Other (e.g., Weak Lensing) analyses reveal higher cluster masses
● Often discussed: (1-b)=0.8 means
● X-ray masses are 20% lower
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Cosmological resultsCosmological results

(1−b)=0.8±0.1

(1−b)=0.7±0.1
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Cosmological resultsCosmological results

Alternative 
MF (w/wo 
baryons); 
Boquet+15

Neutrino mass > 0

(hydrostatic) mass bias
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Do different Do different 
instruments give instruments give 

consistent results?consistent results?

Cross calibration of Cross calibration of 
X-ray instrumentsX-ray instruments
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TemperaturesTemperatures

Schellenberger+2015Schellenberger+2015
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Instruments
● XMM-Newton – Chandra 

have systematic 
temperature differences
(0.01)

● Mainly soft energy band 
is affected 

SummarySummary

Substructure
● Can bias surface 

brightness fits
● One of the longest X-ray 

tails found in Zwicky 
8338

Sample composition
● Selection effects
● Dynamically disturbed 

systems and/or galaxy 
groups bias (0.04)

ΩM

Systematics

Other tests:  (       change)
Neutrino mass (0.02)
Galaxy group incompleteness (0.06)
Different extrapolations (0.05)
Different radii (0.06)

Non-linear LM relation (0.03)
Planck & dynamical masses (< 0.005)
Alternative halo mass function ( < 0.005 )
Hydrostatic mass bias ( 0.005 )
Gas mass

● First time: Individually determined X-ray cluster masses for cosmology
● 196 observations with 7.6 Ms
● Temperature profiles for every cluster
● Best observed cluster sample
● Several tests to estimate systematics in      ,       resultsσ8ΩM



29

Instruments
● XMM-Newton – Chandra 

have systematic 
temperature differences
(0.01)

● Mainly soft energy band 
is affected 

SummarySummary

● First time: Individually determined X-ray cluster masses for cosmology
● 196 observations with 7.6 Ms
● Temperature profiles for every cluster
● Best observed cluster sample
● Several tests to estimate systematics in      ,       results

Substructure
● Can bias surface 

brightness fits
● One of the longest X-ray 

tails found in Zwicky 
8338

Sample composition
● Selection effects
● Dynamically disturbed 

systems and/or galaxy 
groups bias (0.04)

ΩM

σ8

Systematics

Other tests:  (       change)
Neutrino mass (0.02)
Galaxy group incompleteness (0.06)
Different extrapolations (0.05)
Different radii (0.06)

Non-linear LM relation (0.03)
Planck & dynamical masses (< 0.005)
Alternative halo mass function ( < 0.005 )
Hydrostatic mass bias ( 0.005 )
Gas mass

ΩM

ΩM=0.17±0.02(stat.)±0.11(syst.)
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Gas mass fractionGas mass fraction

Comparing gas mass fractions with simulations (Planelles+13)
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CosmologyCosmology
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