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Hierarchical structure formation

13.2 Ga; z=8.5 12.8 Ga; z=5.7 3.6 Ga; z=1.4 today; z=0.0 Cluster today

cosmological simulation by Springel et al. 2005

‣ Universe becomes more structured with time 
‣ Clusters: lighthouses of the cosmic web 
‣ Cosmological tools: formation & evolution depend on underlying cosmology 
‣ Representative of the Universe as a whole: 90% dark matter; 9% hot gas; 1% galaxies 
‣ Statistical properties allow us to understand the physics of structure formation

Time since Big Bang





Total mass: 1014-1015 M⊙ (~1048 g) 

Size: ~1-2 Mpc (~1024 cm) 

Stars < 5% 

Gas ~ 10% 

Dark matter ~ 85%

V. Springel



‣ Galaxies
(Herschel 1785) 

‣ Dark matter
(Zwicky 1933) 

Mass: 1014-1015 M⊙ 

Stars < 5% 

Gas 10% 

Dark matter 85%

‣ Gas in ICM  
   (X-rays 1960s-1970s; SZ 1970s) 

T ⇠ 106 � 108 K

(1� 15 keV)

ne ⇠ 10�4 � 10�2 cm�3

Z ⇠ 0.3Z�

Chandra/WFI/Magellan Markevitch, Clowe et al

A cluster



op#cal X-‐ray SZ  effect  (mm) radio

spectro-imagery 

✓Temperature 
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Observing a cluster

lensing 

✓ Projected 
mass



A1689 by HST



A2218 by HST



Probing the ICM

Bremsstrahlung
Inverse Compton 
scattering

NB: No z dimming



Blind SZ surveys

Douspis et al  
http://szcluster-db.ias.u-psud.fr

http://szcluster-db.ias.u-psud.fr


X-ray information
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Thermal emission from the ICM

‣ Fully ionised H+He plasma 
with highly-ionised heavy 
elements  

‣ Bremsstrahlung emission 
(continuum) + lines 

‣ Imagery: gas density 
distribution 

‣ Spectral shape: kT, Z 
‣ Need sensitivity > 10 keV
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Operating X-ray observatories

XMM 

‣ 3 telescopes 
‣ FoV 30’ 
‣ FWHM ~ 10”

Chandra 

‣ 1 telescope 
‣ FoV 17’ X 17’ 
‣ FWHM <0.5”

Spatially-resolved spectroscopy ΔE/E ~150 eV 
+ high-resolution dispersive spectroscopy 



Detection of new clusters in X-rays

‣ Clusters are the only extragalactic 
extended X-ray sources but need 
large sky coverage to maximise 
number of detections 

‣ About 2000 clusters found in 
ROSAT All-Sky Survey (1990), ROSAT 
serendipitous surveys  

‣ Several hundred more found in  
XMM surveys 

‣ X-ray emission subject to redshift 
dimming  

SX / (1 + z)�4

compilation by M. Arnaud, after piffaretti et al 2011, merthens et al 
2012, fassbender et al 2012, pierre et al 2016



Serendipitous detection of new clusters

PLCK G226.65+28.43

Serendipitous Cluster 1

Serendipitous Cluster 2

Field centred on PLCK G226.65+28.43, PI M. Arnaud



X-ray information from distant clusters

‣ Morphology: first indication of dynamical state 
‣ Surface brightness: gas density, LX 
‣ Global temperature: mass

tozzi et al 2015

Chandra observation of XDCP J0044.0-2033 at z=1.579



Pointecouteau et al 2004 (Abell 478)

XMM

+ emissivity corrections 
 due to T(r), Z(r)

Arnaud et al 2001 (Abell 1795)

X-ray observational tools for low-z objects 
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‣Hydrostatic equation: 

‣ Ideal gas:

‣ Assume spherical symmetry
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X-ray mass measurement



Clusters in formation



Clusters in formation

wang et al 2016 (A520)



Clusters in formation

Markevitch et al 2002, 2004 (bullet)



Shocks

surface brightness

temperature

nE and pressure

dasadia et al 2016
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‣ Rankine-Hugonoit jump 
conditions for 1D shock 
landau & lifshitz 1959

‣ Mach number  

‣ Typical shock Mach 
numbers ~1-4 



Cold fronts

Markevitch & vikhlinin 2007



Cold fronts

surface brightness density

temperature Pressure

‣ Abrupt kT, ne jumps but no pressure jump ⇒ not a shock 

‣ Dense subcluster cores moving at near sonic velocity 
‣ Gas sloshing in dark matter potential

Markevitch & vikhlinin 2007



Cold fronts

Markevitch & vikhlinin 2007



Cores



‣ In a cluster in equilibrium, the cooling time of the central gas is 
very short 
‣  
‣  

‣ The gas cools: 
‣  
‣ Density increases, the gas flows towards centre 
‣ The gas continues to cool, star formation begins 

‣ But  
‣  
‣  

‣ Problem for the model?

ne,0 � 10�3 cm�3

tcool ⇥ 8.5� 1010 yr (ne/10�3 cm�3)�1 (kT/8.6 keV)1/2 < tH

P = ne kT

ṀX ⇥ 10� 1000 M⇥ yr�1

Ṁ� � 1% ṀX

Cooling cores (before 1999)

Million & Allen  2009

A2029 A2319



 XMM-RGS observation of Abell 1835; XMM-EPIC observation of M87 
‣ Gas does not cool as much as previously thought 
‣ In general, Tmin ~ Tvir/3

Key new observations - I

Petersen et al. 2001, 2003 
Böhringer et al 2001

standard CF

TCUT = 1.4 keV

M87 XMM-EPIC

standard CF

TCUT = 2.7 keVFe XVII
O VII

A1835 XMM-RGS



Böhringer et al 1993  (ROSAT)

ROSAT observation of NGC 1275 (Perseus)



MS0735.6+7421 aT z=0.22; 
NASA, ESA, and B. McNamara

M84 aT z=0.0034 
C. Jones

‣ High-resolution Chandra observations of interaction between 
AGN and ICM in many systems at all scales

180”4 kpc

Galaxy group
M84

Key new observations - II



Randall et al 2011 (Chandra)

NGC 5813 (Virgo)



Randall et al 2011 (Chandra)

 Evidence for several eruptions 
‣ Constraints on eruption timescales (106 - 108 yr)

NGC 5813 (Virgo)





Perseus; sanders et al 2016



M87 optical, radio, X-ray: Forman et al 

Bubbles in M87



Perseus, X-ray, Hα: Fabian et al



Heating mechanisms
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Bubbles 
Isothermal

Subsonic displacement 
Isobaric

Sound waves 
Adiabatic
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idea from presentation by E. Churazov



cavity

shockM ~ 1.2

nucleus

rnuc

1. pV work due to expansion 
 

2. Energy of weak shock 

3. Total energy 

Eshock � � pV

Etot = Ecav + Eshock + (Ephoton)

⇥ 1055 � 1062erg

H = 4pV

H = 2.5pV

relativistic particles

non-relativistic particles

Ecav = H = E + pV =
�

�� 1
pV

tshock � rshock/cs

tcav � rnuc/v

Energetics
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Cooling luminosity

〈heating〉∼ cooling

Rafferty et al 2008

AGN DOMINATED

Cooling dominated

4 pV

Energetic equilibrium
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Cooling luminosity

〈heating〉∼ cooling

Red, dead

star formation 

tcool < 5 x 108 yr 
sfr ~ cooling 

LAGN ~ Lcool

GROUPS

CLUSTERS

Consequences for central galaxies



-16-20-24

With AGN feedback

without AGN feedback

Croton et al 2006

 Feedback necessary to reproduce observed galaxy luminosity fn 

Consequences for central galaxies



Enrichment



Entrainment of metals to larger radius 
‣ Correlation with jet power

McNamara et al 2011, Kirkpatrick et al 2011

Consequences for metal distribution



Metallicity distribution and evolution

de grandi & Molendi 2004 ettori et al 2016 ettori et al 2016

‣ Cool cores have central abundance peaks 
‣ Central abundance evolves with redshift 
‣ Abundance outside core constant to z>1 
‣ Consistent with early enrichment scenario



Enrichment

‣ Can measure (central) abundance ratios using CCD spectroscopy 
‣ O-Si mainly generated in SNII; Si-Ni generated in SNIa 
‣ Core: production by cD (SNIa+SNII) 
‣ Outside core: higher contribution from SNII 
‣ Compare these to supernova detonation models to give yields

de plaa 2013



Enrichment
Accreting substructure in A2142

eckert et al 2014



Statistical properties



Low redshift
High redshift

Are individually complex... ...but globally simple
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Total mass

Markevitch et al 2002, 2004 Vikhlinin et al 2009

Galaxy clusters



Mδ

R3
δ

=
4π

3
δρc(z)

δ = 2500, 500, 200 . . .

Volker Springel



‣ Virial theorem: 

‣ X-ray temperature reflects depth 
of potential

GM�

R�
/ kT

‣ Constant gas mass fraction: 

‣ Clusters are essentially closed 
boxes

fgas =
Mgas,�

M�
= const

‣ Evolution via mean dark 
matter (gas) density

⇢gas / ⇢DM / ⇢c(z) / E2(z)

⇒ Scaling laws for global properties:

; (assuming Bremsstrahlung)

+ optical richness, YSZ, etc

T� / M�/R� / E(z)R2
� / E(z)M2/3

�

L� / E(z)T 2
� L� / M4/3

�

Scaling laws



Navarro et al. 1997

ρr =
ρc(z)δc

(r/rs)(1 + r/rs)2
Universal density profile of CDM haloes:

rδ = cδrsδc =
200

3

c3

[ln(1 + c) − c/(1 + c)][ ; ]

Navarro et al. 2004
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CDM haloes are structurally (self-)similar



CDM halo concentration

z=0 
z=1 
z=2

Bhattacharya et al 2013 
also e.g., Dolag et al 2004 and many others



Pratt & Arnaud 2002  
(XMM observations)

NFW profile

Démoclès, Pratt et al 2010

A1413
RXC J2315.7-0222 

NFW 
NFW + * 
NFW + * + AC

Dark matter distribution



Pointecouteau,  Arnaud & Pratt 2005  
(XMM observations)

NFW fit

~2 keV

~10 keV

Umetsu et al  2016 
(HST+subaru observations)

And agree with NFW

Mass distributions are similar



Pointecouteau,  Arnaud & Pratt 2005  
(XMM observations)

Concentration behaves as expected

Umetsu et al  2016 
(HST+subaru observations)



log M
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g 

Q

‣ Similar internal structure 

‣ Power-law relations 
between observables Q 
and mass (and redshift) 

Scaling law “Theory”



log M
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g 

Q

Dispersion due to 
differences in: 

‣ Internal structure 

‣ Orientation 

‣ Large-scale environment  

‣ Projection effects 

These deviations are 
~lognormal (Central Limit 
Theorem)

Dispersion

“Theoretical reality”



log M
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g 
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Additional dispersion 
due to: 

‣ Non-gravitational 
astrophysics 

‣ Evolutionary effects 

‣ Observational error  

These deviations are 
not lognormal

Additional sources of dispersion

Observational reality



log Q2
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1 Dispersion

Normalisation

Slope

Effect of non-gravitational processes



Vikhlinin et al 2006; 
Arnaud et al 2005 

Chandra

XMM

Sun et al 2011; 
Arnaud et al 2010 

Ysph �MM � T

Chandra
XMM

‣ Huge improvement in recent years

Converging local X-ray scaling relations



Arnaud et al 2007 ;  
see also Planelles et al 2014

Le Brun et al 2014, observational data from 
Sun et al 2009, Vikhlinin et al 2009, Pratt et al 2009

YX �MHSE MHSE � T

‣ Improved modelling of non-gravitational processes in simulations  
‣ Use of synthetic X-ray analyses (e.g., to measure Tspec and MHSE)

CSF, HSE

Converging agreement with simulations



Sun 2012, compiling data from 
Sun et al 2009, Vikhlinin et al 2006, Démoclès  et al 2010, Rasmussen et al 2009

fgas varies substantially with mass



‣ In local systems, the trend 
is mass-dependent

‣ The scatter comes 
mostly from cool cores

LX / M4/3

‣ No evidence for ‘catastrophic’ AGN feedback in local population 
‣ Gas was pushed beyond R500 some time ago, or had a higher 
entropy when accreted

Effect of feedback on scaling relations



Cosmology



Evrard et al. 2002

Ωm = 1, ΩΛ = 0.6, σ8 = 0.6 Ωm = 0.3, ΩΛ = 0.7, σ8 = 0.9

Cosmology with clusters

N(M, z)‣      depends on 
‣ Evolution strongly depends on  

Ωm, σ8 [Ωb, n, h,ΩΛ]
⌦m



Chandra/ROSAT observations  Vikhlinin et al 2009

Sensitivity to cosmological parameters

‣ LX → M500 + selection function, i.e. scaling laws + scatter 
‣ Compare to mass function N(z, M) from simulations 
‣ High-mass systems most sensitive to cosmology 
‣ High redshift needed to probe growth of structure

Cosmology with the cluster mass function



Cosmology with fgas

‣ Assumes fgas (z, M) = const, but fgas = fgas(M), so high mass only 
‣  
‣ Needs only the most relaxed clusters
fgas / ⌦b/⌦m; fgas(z) / dA(z)

3/2

Chandra/ROSAT observations  allen et al 2008

ΩΛ = 0ΩΛ = 0.7



X-ray perspectives
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Redshift

Courtesy F. Pacaud Delvecchio et al 2014 Bouwens et al 2011

‣ Growth of structure, BH 
‣ AGN feedback 
‣ Enrichment of IGM and ICM 

… and their evolution

Overall context: evolution



1. More throughput (photons)  

2. Higher spatial resolution 
(microphysics, distant objects)  

3. Higher spectral resolution (the third 
dimension)

What’s needed



The  Athena+ Observato ry  

L2 orbit Ariane V 
Mass < 5100 kg 
Power 2500 W 
5 year mission 

X-ray Integral Field Unit: 
ΔE: 2.5 eV 
Field of View: 5 arcmin 
Operating temp: 50 mk 

Wide Field Imager: 
ΔE: 125 eV 
Field of View: 40 arcmin 
High countrate capability 

Silicon Pore Optics: 
2 m2 at 1 keV 
5 arcsec HEW 
Focal length: 12 m 
Sensitivity: 3 10-17 erg cm-2 s-1 

Rau et al. 2013 arXiv1307.1709 
Barret et al., 2013 arXiv:1308.6784 

Willingale  et al, 2013 
arXiv1308.6785 

12m

3 m

The Advanced Telescope for High ENergy Astrophysics 



Courtesy A. rau 
                     T. Dauser / J. Wilms / T. Brand

E2E simulations



‣ Typical current CCD resolution (~ 150 ev)

XMM-Newton EPIC EMOS



‣ TES sensor array / 2.5 eV resolution / 5’ diameter FoV



Interaction of jets with ICM, heating and cooling

3.7 3.8 3.9 4 4.1 4.3 4.4 4.5 4.6 4.7 4.8

60 arcsec  (22 kpc)

Perseus 
- 50 ks observation of core 
- One spectrum per 5” x 5” pixel 
 

Croston, Sanders et al. 2013



The halo-turbulence connection

Brown & Rudnick 2010

Ettori, Pratt et al. 2013



Thermodynamics of the outskirts



ICM chemistry

‣ Much higher precision on yields 
‣ Detection of rare elements



Heinz et al.  2010

Simulated Athena image of Perseus

Fe XXV Kα as a kinematic tracer



1. Clusters are cosmic laboratories 

2. X-ray observations hold the key to 
understanding many aspects of their 
formation and evolution

Take-home messages


