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» Geometry: Flat Qo ~ 1.

* Dynamics: Present expansion rate: H,~ 73 km/s/Mpc
Accelerating

-« Content: Dark matter and dark energy dominated
Q ~0.25,Q,~0.75
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Structures and clusters in the Universe

400 h-! Mpe

200 h™! Mpc

SDSS

redshift space
62295 galaxies

A highly structured Universe
(stars, galaxies, clusters, filaments, voids..)

Clusters:
the largest collapsed structures
at the crossing of filaments

M, ~10" - a few 10" M,

HST - WFPC2

Gravitational Lens in Abell 2218

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA

Clusters components:

= Dark Matter mostly (~85% as the Universe)
= Galaxies (~2%)
=> Diffuse X-ray emitting gas
(13% main baryonic component)

KT ~0.3-15keV
n,~ 102 cm3

[KT ~ GM/R]
[in centre]
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400 h-! Mpe

redshift space 200 h™* Mpe

62295 galaxies

SDSS

How did structures form and evolve ?

from initial density fluctuations (~ known)
in the ‘given” ACDM cosmology.
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Structure and cluster formation

Credit: Volker Springel Credit: Joerg Colberg
* Primordial fluctuations (DM) that growth under the influence of gravity

* Hierarchical clustering:
=> clusters are forming/growing since z~2 till now by merger/accretion along LS filaments

* The cluster population is an evolving population
=> provide powerful test of structure formation (Dark Matter and Gas)
=> can be used to constrain the cosmological parameters
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Qutline of the course:

|: The X-ray information on clusters

II: The continuous hierarchical cluster formation
substructures, mergers

llI: Clusters form a regular population:
the self-similar collapse of the DM and the gas additional physics

V. X-ray clusters surveys

V: Constraining cosmological parameters with X-ray clusters

NB: a few (illustrative) references only
for more complete bibliography see Arnaud, 05, astro-ph/0508159
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The X=ray informa#ion
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The ICM X-ray thermal emission

*The Intra Cluster Medium
Fully ionised H+He plasma
Highly ionised heavy elements

dN(E)/dE ~n_?V [g(E,T) T""?exp(-E/KT) + lines]

* Emission
Mostly bremstrahlung emission 0 — .
Emission lines Fe L ;
10" Yo Fe 3
« Normalisation: EM =[ n_2 dI > 02 L A Tyt | ;
Imagery (at low energy) _ : 0 ]
= gas density distribution w107 i 8 ke,
LS) 10 ;_ S _;
e Spectral Shape: kT, abundance [Z/H] Z 5 2 eV
Spectroscopy 5% 10 3 3
= <kT>, kT maps 10° b .
? kT = 1 keV :
Need sensitivity up to ~ 10 keV 10 0.1 1 10
Energy (keV)
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Principle of modern X-ray detection

, , . | CCD strip at Secondary
ispersion Reflection Grating Plate _ : . v Focus e

CCD strip cooled to

~ 70°C through passivi
radiator .

40% Dispersed. X—-ravé

/ -
Y

s

= 50% Non Dispersed X-rays

CCD Camera At

Grating Stack Prime Focus
1200 M depth)

CCD Array Cooled
Through Passive
Focal Length 7500 mm Radiator to0 100 €
¥ et A e e A b b

« Mirrors: Focus X-ray (small grazing angles required)

« CCD (XMM/EPIC) : detect X-ray photon 1 by one; measure position, E
= spatially resolved spectroscopy with AE/E=2-6%

« Gratings (XMM/RGS) = dispersed spectrum ‘ read ' by CCD
= spectroscopy of central < ~2’ source with AE/E=0.1-0.3% in 0.3-2 keV
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XMM and Chandra observatories

Solar Array 12) nshade Door

Chandra

Aspect Camera
Stray Light Shade

High Resclution Ezy @ { )
Camera M’; & 7 A\
AN —2,

[HRC) Jil :
e “
Integrated /

Science
Instrument

Hgh Resolution
Mirror Assembly

Transmission \ Thrusters () (HRMA}

3 high throughput X-ray telescopes One X-ray telescope
FOV = 30" FWHM < 10" FOV =17'X17 FWHM < 0.5”

Spatially resolved spectroscopy: 0.2< E <10 keV

[and] High resolution dispersive spectroscopy: [or]
0.2<E<25keV 0.2< E <10 keV

and RXTE (hard X-ray) and recently SUZAKU
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Comparison with (some) previous satellites

XMM/EPIC

ASCA/SIS
AXAF/ACIS

ROSAT/PSPC
ASCA/GIS

1000 E

Effective area (cm?)

100 |

0.1 1 10
Energy (keV)

ROSAT: imagery, spectro (kT) for low mass clusters only
ASCA: first satellite with spectro-imagery capability, poor A6
Beppo-SAX: better A8 ; hard X-ray capabilities (also RXTE)
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Mullis et al, 05, ApJ
= Luminosity Ly
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Rosati et al., AJ, 04

10‘2;* t
- *ﬂ%ﬁ i f f | Fe K
< 10_3;» r —I—M f
! : 10_43 ‘m_lﬁj ,,,,,, E
| g, 78 i
r & . 5[ XMM ]
‘Chandra - ” : :
: ' | Bl | 5
WWMW— = 5‘*H"w&ﬁ'*%ﬁ#')"ﬁwﬁ‘%ﬂ+H1me¥++:_..é
- 1r0?h;é kpc) - 1 Caergy Ekev) :
Image Surface brightness profile Global spectrum
5 1-36+1/2
Regular Sy = [1+ (6/6,) ] kT = 6.0[-0.5,+0.7] keV
morphology Z =0.36 £0.11 Z,

~3p/2

n, = [1+ (r /rc)z]

= Ly, Mgas: Mioy down to flux at ROSAT detection limit
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7=0
- A
268 |-
w267 - -
E A i
) - Tl _
= L [lriid i
= 266 \‘ f A -
= Bl i
: - ]
D 265 - A % U N
264 [ Sl ] B
“XMM : 30”=36 kpc
| | | | |
- zlowlll | éo7.él | 2|0f7.|2I | éo7.l1 - I207I \ B Chandra

Right Ascension (degrees)

Arnaud et al. 01. A&A Fabian et al, 01, MNRAS
At large scale and deep in the core
up to close R, ~ 1-2 Mpc at a few kpc scale
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Arnaud et al, 01, A&A
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A2256 z=0.058

Sun et al, 02, ApJ
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Hierarchical Cluster Formation

e |s that true?

* Physics of merger events
* LSS Environment effects
« Evolution
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Variety of morphology: different dynamical states

A .
Y small secondary

Govoni et al, 04

Chandra kT map

'SCO627-54

. 5’
—

Expected:
clusters still forming today

- Double”
Einstein images Jones & Forman,99
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Simulation
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Belsole et al, 04 Ritchie & Thomas, 02

Shocks: major ICM heating source
Turbulence [Schuecker et al, 04]
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The complex merger physics

1E 0657-56  Chandtal

Cool core can survive core passage

also: cool trails Rreiprich et al, 04

_seor [ Cold frontMp
I ; Ty : 5
104.7° 104.6°
« M=2-3
2w W " \\f% s Implications for:

ol I \< " thermal conduction
v ‘ ; | devt of KH instability
. Vikhlinin et al, 01
B Mazzotta et al, 02

U — 3

=0 000 o

Markevitch et al, 02
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20
22 :
24:
26 :
28 :

30

32!

Co b v v b e e
22N 51M go®  s50™ 30° 00® 4™ 303 00® 4™ 303

Linear Scale 39.00

Briel et al, 01;Neumann et al, 03
Belsole et al, 05

Accretion along filament Off-axis merger
Multiple on going mergers => Tidal torques
rrelaxation = Atmerger

Higher in denser environment
(from RASS: Schuecker et al,01)
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Formation history

50 arcsec -

3

~* * Chandra
S St e

Maughan et al 03
mergers
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kT=11+ 1 keV

massive relaxed cluster
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r—
2=1.393
£ . 2

. XMM
Mullis et al 05

clusters up to z=1.4

April 6-7,2006

Cargese School: Observing the X- and Gamma-Ray Sky

Monique ARNAUD



April 6-7, 2006

High z clusters: more substructures and dynamically younger

ZW1953, z=0.38

CL0152-13, z=0.83

Chandra

V1121+23, z=0.56

A1413, 2=0.14 o \ ﬂ

/

RXJ0439+05, z=0.21 RXJ1716+67, z=0.81

Jeltema et al 05
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Mergers and non-thermal emission

T

G

LIS N R B M S B A L B S B B B S s B B

hgnq_ra Y /d-o 1 N

-3

Beppo-Sax

10

s keV
107*

-5

Photows/ch

10

[
ok

~

ok

1 1
2 5 10 20 50 100
channel energy (keV)

) Fusco-Femiano et al, 00
1 See also RXTE Rephaeli & Gruber 03

“(@_’x

Clarke & Enssin, 0

- diffuse emission

Inverse Compton of e- on CMB

=> Relativistic electrons (~1-100 Gev) = Non Thermal X-ray (power law)

= Magnetic Field (0.1 - 1uG)
Detection: S/N low, still ambiguous

in unrelaxed (merger) clusters only
e- (re)accelerated by shocks, turbulence..
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‘ Probably:
3 mostly (re)acceleration by
turbulence

12
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Conclusions /

* Clusters still forming today (and at high z) by accreting matter/subclusters

as expected in the hierarchical scenario for structure formation
= variety of dynamical states.

« Merger of two clusters is a highly complex dynamical event
shocks, discovery of cold front, particle acceleration, relaxation...

* The cluster LSS environment is important
= preferential accretion of sub clusters along LS filaments
=> evidence of off-axis mergers
=> interval between mergers can be shorter than relaxation time
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Statistical properiies of the
cluster population
(structural and scaling properties)

* The dark matter: is the collapse understood ?
* The baryons: purely driven by gravity
or additional physics ?
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z =0.06

A large variety of objects
Present at least since z~ 1.5

Physical parameters

L, ~ 1041 - a few 104 ergs/s
M, ~10"3 - a few 10" M
T ~0.3-15keV

(0]

RXJ1053

Morphology

regular (~50%) or not
# dynamical states at all z

P

Chandta— .
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A 2657

T=3.7 keV

02 [ | L L LG L LI L s B B B B s
Rl “.-.'“
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} - '.‘gémii‘ ce
= e
;_T -0.2 o‘ l’ﬂff_‘;;——— 4
= g
g | s
R S
S -04
== =
~0.6 kT
b boe e Lo e b b e b o 14
0.2 0.4 0.6 0.8 1 1.2
log(<T,>)
Mohr & Evrard 97
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Count Rate (ct/s/arcmin’)

10°

10" b

107 |

10 |

1= 9.1 keV

A2319

.1 1 10

Radius (arcmin)

Neumann & Arnaud 99

But

all possible
clusters do
NOT exist

Why ?2?

Monique ARNAUD



Canonical model of cluster formation

......

-Il\lla arro, Ier'nlk'&l Wh/lte' ('I\}F'

=

Dark matter ) 95

=> virialized’ M( z) : fixed density contrast
3M/4xR3=Ap.(z) A~200
=> universal profile

Log(p/ p,)

Illlll

Gas

evolving in the DM gravitational potential ’ '_1'5'2 2 '_'1' .- '_15' L .(l).-'
=> universal profile ' :
= fgas = Cst ‘ | Log(r/Ra0p) o
= close to HE (major mergers rare) © 0CDM g
kT = GM/R L
of
Self Similarity of the cluster population el
=> universal profiles =
= simple scaling laws: Q = T
= evolution via p.(z) a h?(z)
e.g:Ma T32 ; Ly o T?

1014 —

) —

Comparison with observations : ~ Mathiesen & Evrard 01
= test of formation physics 1 kT (keV) L
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he local cluster population
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Compare observations with theoretical predictions:

° Un|Versa| prOﬂIeS W|th d Cusp 18 the center: LN LA B N LRI B B
o 4 — =
O_ -
e.g. ppu & (1/rg) [+ (r/rg)]2 S
C= Iy0o/rs Weakly depending on M, S 2 I
O
- MDM(r) = M200 m (C r/rZOO)/m(C) 0 _l | lz~|0| T 1".
-15 -1 .5 0
0077 el Log(r/ryg)

ET  [dlnn. " dInT
Gum, | dinr dlnr

 Open question: exact slope in the center: pppy o ™
e.g a= 1 [NFW95]; o = 1.5 [Moore et al 99];  see [Navarro et al 04]
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The dark matter: cusped profiles as expected

r/r,,
@ 0.010 0.100

.[Chandra A2029 10| XMM A1413
10 ET' u’ :
_ S
4 100k 2
: | <
i 1012=- l/,
£ 3 10° ) ]
m " P S —MQGSL profilez
: mMmegs. 1 [ 7 NFW profile
w0l L . | N
1 10 100
Radius [, kpc] 100 Radius R (kpc)lOOO
Lewis, Buote & Stocke 03
Pratt & Arnaud 02

NFW profile preferred
o =-1.19+0.04, inconsistent with SIDM
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The dark matter: an universal profile down to low mass

1.000

00E

M/M,,

" )10k

0.001F T .

r/r500
Pointecouteau, Arnaud & Pratt, 05, A&A

10 clusters kT = 2 -9 keV

Dispersion <15%

Five

p/p

108

10°

10*

10°

10?

10?

T I\IIIIII T III[III| T I|IIIII| T T TTTTTT

T T T 1717 T T T T T 1717 T IIIIIIII T
\

Chandra

NFW Cgo0=3

L L1l

L IIIIIII

L IIIIIII

IIIIII

T >5keV

2.5< T <5keV

L | IIIIIII

T < 2.5keV
A2390

d I

Ll 1 | IIII|I|

r/rsq0
Vikhlinin et al, 05, astro-ph/0507092

13 clusters kT = 0.7 -9 keV
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The dark matter: concentration parameter as expected

c-M: [Dolag et al. 04];

| <Cypp> =9

g
2
_ - Validity of the current
o, | o : ACDM modeling
1014 } 1018 of the DM collapse
Maoo (h2a”) at cluster scale
Pointecouteau, Arnaud & Pratt, 05, A&A
Confirmed:

with Chandra: Vikhlinin et al, 05, astro-ph/0507092
down to group scale: Gastadello et al, astro-ph/0510192
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The DM- ICM connection: the local M-T relation

1015

_Chandra

w03

Tspec, keV

Vikhlinin et al, 05, astro-ph/0507092

10 . . . .
kT (keV) Precise converging calibration

SRS el FEERIERN & Al 0o for relaxed clusters; syst possible
* normalisation offset
 a=1.5+0.1 (T>3.5)

* a~1.7(T>2keV) Effect on non-gravitational physics
" T definition M
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The ICM local scaling laws

g §
= = I T
N %8 101 - - \:%
3 &, - 1 -
S e i
o = [ N
1k &
z o e Tlim ™= 500 E
- f Model -
S Y R .
4 6 8 10 S
T (keV) TX Temperature (keV)
Arnaud & Evrard, 99 Mohr et al, 99 Ponman et al, 03
r X
Steeper than expected .Ent OPY EXCess
Higher at low T (M)
S a. T~O.65

ICM is not purely governed by gravitational effects
(pre) heating (SN, AGN); cooling ?
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The ICM entropy: key to thermodynamical history

1.00 - <O
5
>
L 1000F _
N
~
S |£E
(\I S~
L +¢’ ' %
o B s & A |
0.T0F ¢ o, Mk?v%: ] 3
A A2717 @ o
0" . A2307 o ] -
. . ‘grav. heating ~1062 ¢ ]
S (voit0s) | 100
o o A2204 e 10
OO] . I I Lol L ! ool TX
0.01 0.10 1.00 Pratt, Arnaud & Pointecouteau, 06
Radius (RZOO) .

Entropy excess (larger at low mass) confirmed at all radii
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