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Overview 

•  Conclusion: With eROSITA, we will constrain 
wDE to <3% using ALL massive galaxy clusters 
in the observable Universe. 

•  What are clusters? 

•  How can they be used to constrain 
cosmological parameters? 

•  Why use X‐rays to study them? 

•  What is eROSITA? 

•  Forecasts and comparison to other DE probes. 







Dark Energy Probes 

E. Kolb, see also US‐DETF report. 



Galaxy Clusters 
•  Clusters of  ~1,000 galaxies. 
•  Largest, most massive (~1015 M) collapsed 
objects in the Universe. 



Israel et al. (2010) … photo‐z by eye … 



HST 



Chandra 



HST+Chandra 



Intracluster Medium (ICM) 

•  Hot: T ~ (107–108) K;  kBT ~ (1–10) keV. 
•  Low density: <0.1 par?cles/cm–3. 

•  MICM ~ 10 Mstars.  LX ~ (1044–1045) erg/s. 

•  Mtotal ~ 10 MICM.  D ~ 107 Lightyears. 









X‐Ray Mass Determina?on 



Gas Temperature and Density 



Why Use Clusters for Cosmology? 
Great History! 

•  First evidence for dark maDer (30s). 
•  Strongest evidence for ΩM<1 (90s). 

•  First evidence for σ8<0.9 (00s). 
•  Clearest evidence for existence of dark maDer 
and its small interac?on cross sec?on (00s). 

•  First Stage IV dark energy probe (10s). 



Why Use Clusters for Cosmology? 
Versa?le and Mul?‐λ! 

•  Baryons (frac?on, apparent 
evolu?on), 

•  M/L * luminosity density, 
•  power spectrum 

(normaliza?on, shape, 
evolu?on, baryonic wiggles), 

•  mergers (frequency, evolu?on), 
•  SZ + X‐rays ⇒ H0, 
•  mass func?on (amplitude, 

shape, evolu?on), 
•  …. 

•  Op?cal/infrared 
(galaxies, lensing), 

•  Sub‐/mm (SZ‐effect), 

•  Radio (radio halos / 
relics, WATs / NATs), 

•  gamma rays (?), 

•  X‐rays, 
•  …. 

Methods  Wavebands 



As we’ll see, masses important; selec?on 
observable, LX, correlates well with mass. 

Reiprich & Böhringer (2002) 



Why is Cluster Growth Sensi?ve 
to Underlying Cosmology? 



Galaxy Cluster Evolu?on and Equa?on of 
State of Dark Energy 

•  Growth of structure depends on expansion rate; i.e., 
on the Hubble parameter H(z) = H0 E(z): 

•  H(z) depends on equa?on of state, wDE = p/(ρc2). 

•  Evolu?on of cluster number density depends on w! 
•  And on whether or not the first equa?on needs to be 
modified. 



Cluster Mass Func?on 

Cluster mass func?on is exponenBally sensi?ve to the growth factor. 

This has been known since the 70’s (e.g., Press & Schechter). 

Accurate masses and search volumes needed. 
Observable−mass rela?on is important. 



V. Springel 



Galaxy Cluster Evolu?on 

Borgani & Guzzo (2001) 



z = 0.05 

z = 0.6 

solid: w = –1, 
dashed: w = –0.5, 
doDed: w = –1.25. 

Galaxy cluster 
mass func?on 



R. Hanson, Bachelor Thesis (2009) 



Current Constraints on w 
from ~102 X‐Ray Clusters 

Allen et al. (2008), Mantz et al. (2008, 2010)  Vikhlinin et al. (2009) 

Similar constraints available from SZ cluster surveys. 



The (Near) Future: eROSITA 
~105 X‐Ray Clusters 

Zenit‐2SB rocket 
Fregat booster 

Spektr‐RG mission 
Navigator plaxorm 
ART‐XC / eROSITA 

eROSITA 

From Baikonur to L2 orbit 

1.5 million km 
from Earth 



Merloni et al. (arXiv:1209.3114) 



Telescope Structure 
From

 P. Predehl 



From
 P. Predehl 



Mirror System 

Spider Wheel with heaters integrated  VOB in ac?on: Integra?on of a Shell 

FM‐3 Mirror Module with 39/54 shells  Prepara?on of PANTER X‐ray Tests (FM‐3c) 

From
 P. Predehl 



X‐ray Baffle 
Stand for Integra?on and 
Metrology of Baffle Shells 

Integra?on and Metrology of 
X‐ray Baffle onto Mirror Module 

From
 P. Predehl 



Camera 

Heart of the Camera: CCD‐Module  Cold part of Camera (with test sensors) 

Integrated Camera (with massive Copper Housing)  Prepara?on of Thermal Test 

From
 P. Predehl 



Miscellaneous 

Filter Wheel  Electron Deflector (on Shaker) 

Camera Radiator, upper part with VCHP‐Reservoirs  Prepara?on of Thermal Test with Heatpipe System 

From
 P. Predehl 



ROSAT:      1 all‐sky survey 
eROSITA:    8 all‐sky surveys 

Merloni et al. (arXiv:1209.3114) 



HIFLUGCS 

Adapted from Merloni et al. (arXiv:1209.3114) 

Comparison with other Surveys 

Point sources  Extended sources 



Expected eROSITA Exposure Map 

Provided by J. Robrade 

Galac?c coordinates 

seconds 

Germany Russia 



Projected Cosmological Constraints 

•  eROSITA‐specific forecasts, taking into account photons 
registered at detector; assume that clusters get 
detected if at least 50 source photons received. 

•  Include cluster physics; scaDer in LX−M rela?on 
accounted for, fit scaling rela?on parameters 
simultaneously with cosmology (“self‐cal”). 

•  Take into account expected redshi~ uncertainty. 
•  Apply two cosmological tests simultaneously; evolu?on 
of (i) cluster mass func?on and (ii) angular clustering. 

•  Several assump?ons, e.g., hardware works, flat 
Universe, fiducial cosmology and LX−M rela?on, 
redshi~s, one sky for all, …. 



Pillepich, Porciani, Reiprich (2012) 

Limi?ng Mass 



Pillepich, Porciani, Reiprich (2012) 

Fixed photon count cut (no M, LX, or fX cut) 
corresponding to 5x1013 h‐1 Msun based on 
fiducial (WMAP7) cosmology. 



Close to actual experiment: predict cluster abundance 
as func?on of X‐ray photons detected on eROSITA CCDs 



Pillepich, Porciani, Reiprich (2012) 



Pillepich, Porciani, Reiprich, in prep. 

See also Pillepich et al. 2012; M
erloni et al. (arXiv:1209.3114) 



Primordial non‐Gaussianity 

Pillepich, Porciani, Reiprich, in prep. 

See also Pillepich et al. 2012; M
erloni et al. (arXiv:1209.3114) 



Pillepich, Porciani, Reiprich, in prep. 

Dark Energy, constant w  See also Pillepich et al. 2012; M
erloni et al. (arXiv:1209.3114) 



Pillepich, Porciani, Reiprich, in prep. 

Dark Energy  See also Pillepich et al. 2012; M
erloni et al. (arXiv:1209.3114) 

w = w0+(1‐a)wa = w0+waz/(1+z) 



eROSITA Compared to DES and Euclid 

Stage III 

Stage IV 

Stage IV 

Pillepich, Porciani, Reiprich, in prep.; Merloni et al. (arXiv:1209.3114). 
DES and Euclid from Giannantonio et al. 2012. 

<3% 

>300 for fNL=0 



Challenges 

•  Ge�ng redshi~s for all clusters. ‐> X‐ray‐z, 
photo‐z, spectro‐z. 

•  LX‐M rela?on might be more complex (e.g., 
mass and redshi~ dependent scaDer). ‐> 
Mul?wavelength mass‐calibra?on program. 

•  Handling AGN (X‐ray−emi�ng supermassive 
black holes) contamina?on. ‐> Detailed 
simula?ons of the eROSITA sky, pointed 
follow‐up observa?ons. 

•  …. 



Summary of Conclusions 
•  eROSITA will be launched in about 2 years. 
•  It will discover 100k clusters, among them all 
massive ones in the observable Universe. 

•  It will likely be the first “Stage IV” dark energy 
probe world‐wide. 

•  It will yield compe??ve and complementary 
constraints on dark energy, e.g., ΔwDE<3%, but 
also on modified gravity, neutrinos, primordial 
non‐Gaussianity, …. 

•  Even ?ghter constraints possible through low‐
scaDer mass proxies (e.g., T) from survey (~104 
clusters) and pointed phase follow‐up. 


