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Why X-rays?



Why X-rays?



Easy to �nd ...

● Observe dominant baryonic component

● Detectable with very few photons (Nphot < Ngal)

● Detectable to high z



Easy tomeasure.

● M ∝ Y3/5
X E(z)−2/5 — follows from self-similarity + virial theorem + “fair sample”

● need 1500 photons to measure YX papers by Nagai, Kravtsov, & AV



With good data, everything �ts together
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●— Chandra, hydrostatic; ●—weak lensing, Hoekstra ’07; ●—groups, Sun etal ’09

● Systematic errors: ∆M/M < 9% at z = 0 ∆
M(z = 0.5)
M(z = 0)

< 5%



● 36 clusters at z > 0.35 from 400d http://hea-www.harvard.edu/400d

● 48 at z ∼ 0.05 − 0.15 from ROSAT All-Sky Survey

● Measure YX ,Mgas, TX in all with Chandra



Mass functions, detection of Λ
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● Λ > 0 at ∼ 5σ required by mass functions



Growth history

d(z) �xed at concordance cosmology; D(z)/(1 + z) = 1 for ΩM = 1



Growth history

d(z) �xed at concordance cosmology; D(z)/(1 + z) = 1 for ΩM = 1



Equation of state constraints
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w0 = −1.14 ±0.21 (stat) ±0.13 (sys)



w0 constraints
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● w0 = −0.99 ± 0.045 (stat) compare with ±0.067 without clusters

● More stable to systematics:
∆w = 0.076 (SN) Ð→ ∆w = 0.039 (0.022 from SN and 0.033 from clusters)



Future projects: SPT (SZ)

● On-going, �rst detections
published

● 1,000 deg2 survey
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Staniszewski et al. 2008

● 100–1,000 clusters

● zmax ≈ 1 − 2?



Future projects: SRG/eRosita (X-ray)

● Funded, launch in 2012+

● E�ective area ∼ XMM

● Angular resolution ∼ ROSAT

● 0.5 deg2 FOV

● all-sky survey,
fmin = (2 − 4) × 10−14 erg s−1 cm−2

● 100,000–200,000 clusters

● zmax ≈ 1.5



Future projects: WFXT (X-ray)

8 

 I.5 Overview of Requirements  
    Consideration of the fundamental science drivers discussed 
in the above sections leads to the requirements for the WFXT 
Mission listed in Table 3. 

II WFXT Technical Approach 
II.1 Introduction 
     The science driven requirements for WFXT lead to an im-
plementation that consists of four, identical wide-field X-ray 
telescope/detector modules (TDM; see Figure 5). Each mod-
ule is independent, with its own optical bench/close-out and 
aspect camera and fiducial light system. The individual 
TDMs will be fully assembled, tested and calibrated prior to integration onto the spacecraft bus, 
allowing for a low cost, and low risk “bolt and go” observatory level integration and test pro-
gram. 
II.2 Instrument Concept for WFXT 

WFXT operates in single photon counting mode, where each X-ray event is time tagged with a 
temporal resolution corresponding to the detector readout rate. During ground processing, the de-
tector coordinates of an event are projected onto the sky using the pointing information from the 

aspect/fiducial system associated with that 
TDM. Thus, TDMs need only be co-aligned 
via mechanical construction and need not be 
rigid with respect to each other or to the space-
craft. The X-ray telescope is a modified 
Wolter-1 optic that has a FOV of at least 1 de-
gree in diameter with a 3-5” PSF approxi-
mately constant across the FOV. The telescope 
energy bandwidth is 0.2 – 3 keV (goal: 6 keV). 
The telescope mirrors will be coated with Irid-
ium plus a Carbon overcoat [50] to improve 
high energy reflectivity and fill in the 2.2 keV 
absorption edge of Iridium alone. Based on a 
preliminary design, the calculated areas at 1 
and 4 keV are ~8000 cm2 and ~3000 cm2 re-
spectively, and the total mirror mass (all four 
modules, assuming ~1 mm thick shells) is �

1000 kg. Trades involving the basic design parameters (e.g., number of shells, inner and outer 
shell radius, focal length, and shell thickness and spacing) will be carried out to maximize sci-
ence performance. 

   The focal plane detector is an array of modified MIT Lincoln Laboratory CCID41 devices, 
similar to those flown on Suzaku [51] that approximate the curved focal surface. The modifica-
tion consists of increasing the number of pixels from 1024x1024 to 2048x2048, while maintain-
ing a 24 µm pixel size to provide a pixel pitch of 1” over a FOV > 1 degree with a 2x2 array of 
3-side buttable devices. The CCDs must be cooled (-90C) to achieve the required performance, 
but the choice of cooling method depends on the orbit. 

   The aspect camera system is similar to that on the Chandra X-ray Observatory, but with re-
quirements that are less difficult. The aspect system includes fiducial lights, which provide a ref-

Table 3: Science requirements 

Mission 
Component 

Requirement Goal 

Ang. Resolu-
tion 

5” 3” 

Energy Band 0.2-3 keV 0.2-6 keV 
Effective 
Area at 1,2,4  
keV (cm2) 

 5000 
 5000 
 3000  

10000 
10000 
 7000  

Field of View 1 degree 1.5 degree 
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WFXT surveys will permit the construction of a “cherry-
picked sample” of the ~500 X-ray brightest, most massive, 
most dynamically relaxed clusters in the Universe, which can 
then be followed up to greater depth and with better spectral 
resolution by Con-X and/or XEUS, and ALMA at mm/sub-mm 
wavelengths. Such observations will provide precise meas-
urements of the X-ray gas mass fraction and Compton-y pa-
rameter profiles, and enable precise absolute distance meas-
urements to the clusters [16].  Using WFXT, we expect to 
constrain cosmological parameters with accuracy comparable 
to that achievable with the best planned supernovae, galaxy 
baryon acoustic oscillation and weak-lensing experiments. 
The combination of powerful, independent and complemen-
tary measurements of cosmological parameters will lead to a 
robust understanding of the dark matter and dark energy con-
tent of our Universe.  
I.1.2. Astrophysics of the Intracluster Medium (ICM) 
The low particle background of WFXT enables mapping of the 
thermodynamic properties (density, temperature, pressure, en-
tropy) of galaxy clusters and groups from their innermost 
cores out to the virial radius.  WFXT enables observations of 
the diffuse inter-cluster emission within super clusters. The 
inner regions of clusters are known to be affected by complex 
astrophysical processes e.g. AGN feedback. Gravitationally-
driven gas accretion and hydrodynamic shocks should domi-

nate the physics in the cluster outskirts where effects related to the cluster cosmological assem-
bly and energy feedback (such as pre-heating of the intergalactic medium) should have left their 
imprint [17-19]. 

Combining the three surveys, we will have about 2000 clusters, of which about 600 will be at 
z>0.5 with at least 15,000 counts. For these clusters surface brightness profiles, temperature pro-
files and entropy profiles can be studied to a significant fraction of the virial radius. These data 
will elucidate the evolution of the thermodynamic structure of the ICM, with clear implications 
for the history of both stellar and AGN feedback. These distant clusters will be the ideal targets 
for high sensitivity follow-up observations exploiting the synergy between SZ and X-ray data in 
reconstructing the thermal structure of the ICM.  

WFXT will measure, with exceptional statistical precision, the evolution of the cool cores of 
clusters. The excellent spatial resolution will reveal the AGN population in clusters and allow us 
to explore the pivotal role these sources play in regulating star formation in the massive galaxies 
at the centers of groups and clusters. WFXT observations will span the three key epochs of AGN 
activity: 1) the nearby universe where the “radio mode” of AGN feedback dominates; 2) the in-
termediate redshift range, z=0.5-1, where small AGN are most luminous and numerous; and 3) 
z~1-3, the epoch of maximum activity for black hole accretion and star formation. 

The WFXT CCDs will measure the abundance of Fe and lighter elements in local clusters and 
groups, as well as Fe abundance in high redshift clusters, providing an extensive and comprehen-
sive mapping of chemical properties of the ICM as a function of temperature and epoch. Spectral  
simulations show that Fe abundance can be measured to a precision of 30% (1�) or better, for 

 
Figure 3.   Look-back time cone of the ex-
pected cluster sample from the deep WFXT 
survey. WFXT will open up a largely unex-
plored period in cosmic history, back to the 
epoch when the first protoclusters form and 
the first virialized structures glowing in X-
rays.  For clarity, we show only WFXT clus-
ters at z>1 (blue dots). The red dots indicate 
clusters found in ROSAT deep surveys out to 
z=1.3, yellow dots distant clusters found 
with XMM  and Chandra and spectroscopi-
cally confirmed to date. 

 

● Proposed

● E�ective area ∼ Con-X

● Angular resolution ∼ XMM

● 1 deg2 FOV

● a few × 103 deg2 survey,
fmin = 10−15 erg s−1 cm−2

● N ≫ 105 clusters

● zmax > 2



Future progress: more weak lensingmasses

1013 1014 1015

1014

1015

M
5

0
0

E
(z

)2
/

5
,h

1
/

2
M

⊙

YX , M⊙ keV

●— Chandra, hydrostatic; ●—weak lensing, Hoekstra ’07;



Small e�ects inM–proxy relations

● ∼ 15% o�set between relaxed and non-relaxed clusters



Baryon fraction within clusters and groups

● Problem: fg trend, fg + f∗ < Ωb/ΩM

Gonzalez etal.



Ultimatemass calibration

1013 1014 1015

1014

1015

M
5

0
0

E
(z

)2
/

5
,h

1
/

2
M

⊙

YX , M⊙ keV

Stacked lensing, SDSS clusters (Sheldon etal)

● WL— low bias, large scatter; X-rays — low scatter, potential bias

● 100 clusters with YX (IXO) andMWL

Ô⇒ 3% inM − YX Ô⇒ 1% in growth factor per bin



Flavor of results
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● Measure growth(z) to z = 2

● ∼ 2.5-fold improvement for ∆w in combination with distance(z)

● Test of non-GR theories
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For ΩM = 0.25: σ8 = 0.813 ±0.013 (stat) ±0.024 (sys)



Bias and Scatter inM

N ∝
M −α

N ∝ exp(γσ(M))
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● α = 2 − 6

● γ = (3 − 5) × α

● Rule of thumb: 5% error inM Ô⇒ 2% error in growth



Bias and Scatter inM

N ∝
M −α

N ∝ exp(γσ(M))
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● M−α ⊗ log-normal δlnM Ô⇒ M−α × exp (α2δ2lnM/2)

● Rule of thumb: need to know δ2lnM to 0.01 Ô⇒

10%mass proxies are OK, 30% are not.



Physics of fg trend

● In the Kravtsov et al. simulations, fg + fstars ≈ Ωb/ΩM

● Some observational support — Gonzalez et al:



Scaling of fg(M, z)
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● fg(M, z) = fg(M/M∗)

● Overall correction Ô⇒ 11% inM at z = 0.5

● Estimated systematic errors — 5% inM at z = 0.5
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