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Observing a galaxy cluster

- Concentration of
~103 galaxies

- 0,~500-1000 km sl
- Size: ~1-2 Mpc

- Mass: ~1014 Mg
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Observing a galaxy cluster

7 : . e i - Concentration of
Wi T R e & | ~103 galaxies

- 0,~500-1000 km s
N . g o _‘ - Size: ~1-2 Mpc
- » . F - Mass: ~104 Mg,
® I|CM temperature:

T, ~ 2-10 keV

fully ionized plasma;

e 8 = . = i | ® Therm bremsstrahlung:
| | ; ' ' n ~102-10 cm3

S e o R Lyx~10* erg s™
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Observations of the Sunyaev-Zeldovich Effect
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® Signal virtually independent of redshift. 3
® Proportional to the l.o.s. integration of n.T, ~
pressure -49.30
® Survey for cluster detection are now producing
results (e.g. ACT, SPT, Planck).
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Constrain cosmological parameters

with power spectrum
—

Power spectrum shape Barionic Acoustic Oscillations
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Cosmological information from cluster number density
e eeeee—

dN( X; 2)
axdz
T—

¢ Friedmann background:

Growth history:

Number of clusters of given
observable X and redshift z within
the survey area

Priors on cosmological parameters
Q). from CMB, Snla, ....

Calibrated with N-body simulations

Astrophysics:

Heidelberg, 22 VI 2012

Priors on “mass parameters” p, from

follow-up observations and / or
cosmological simulations
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Cosmology with clusters of galaxies

Galaxy clusters as cosmological probes
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Observable - mass relations

Self-similar Gas-Cluster Mass relation from simulations

Assumptions:
— T * ICM evolves in gravitational potential
. /| of DM:
1015 ———= Moo < M, 500 /-,/./

— - +19% scatter ﬁ%// . fg;as _ *'\[gas

. g - Moo

[~ ﬁ

- * ICM is hydrostatic equilibrium —

| B Virial Theorem
1014 i ® More sensitive to

ICM physics

® Larger deviations
from self-similar slope
for the radiative runs

MESE (h=1 M)

T T

Moo o< }2._1(2)]‘3"/2

|

* bremsstrahlung emission

A1 1l L1l [ L»_,\' ~ }?(Z)Tz
1012 1013 1014
M 2,500 (M )
Nagai, Kravtsov & Vikhlinin 2007
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Observable - mass relations

Self-similar Gas-Cluster Mass relation from simulations

Assumptions:

* ICM evolves in gravitational potential
csf: cooling e Fons = gas
le+15 [ f . gas '\[
+ star A ] V4200
formation e : ———
> ry ~ * ICM is hydrostatic equilibrium —
= - -—— o A,-‘" * Virial Theorem
2 .
g lesia | ‘f? nr: non- : : 75
> ! A radiative Mopg x h™ (Z)T" A
& |
Kl 0 * bremsstrahlung emission
. ;=
le+13 1 raald PP | . ——
le+12 le+13 le+14 le+15
Mgas,500 (<Rsq0) [MC]

Eagjan et al 2011
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Observable - mass relations

Self-similar Mass-Temperature relation from simulations

Assumptions:

* ICM evolves in gravitational potential
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- -1 7 3/2 gy |
1015 | My, < E(z)' T, %/é ‘ B i\[gas
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i @ . LVL200
= 15 20% offset wrt data - «2 - —
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Observable - mass relations

Self-similar Mass-Yx relation from simulations

X-ray “pressure”:
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The most massive distant clusters in the Universe
and their impact on Cosmology

Probability
of finding at least one

cluster with a given
(Jee et al. 2009) z~14 redshift and mass

XMMU-J2235.3 cluster

XMM 2235

Consistency
with ACDM

Redshift

XDCP (50 deg? to 10-14 erg/cm?/s)

MpL=7.3 +1.7x 10* Mo /hyo

Accurate (<10% errors) Maoo, measurements needed

Sartoris et al. 2012 (in prep)
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Parameters defining the mass - observable realtions
e ——

My
number density of cluster Nim = AQ f dM”
dZdQ ];Jb

f dM (M, 2) p(M™|| M) .

0

, B—
p(M,,||]M) = exp[—x"(Mop)] Probability of assigning a mass M _,_ to a
0 =
(2 0' )’ cluster of “true” mass M:
B,: intrinsic bias in mass
x(M,,) = - - estimates (e.g. violation of
(2()-; )1/-' h d . .l.b 5
n M ydrostatic equilibrium)
Bu(z) = Bumo(l +2)° 4 “mass-parameters”
U 1n M(Z) = O1n M,O(l -+ Z)/3 BM,O/ Q, GlnM,O’ B
Majumdar & Mohr 03,04; Lima & Hu 04,05; Sartoris et al. 2010 MNRAS 407,2339
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Constraints on cosmological parameters
Importance of mass accuracy

L) Parameterize deviations from GR

Wlth
0.6 3 Knowing the obs-mass dino 0 -
R relation at z=0 dina ™ (a)
0.6 E
\ Knowing al
0.58 - evolution of the obs -mass SRl standard GR
0.56 _ i ™, relation
- Wt WM DGP brane-world model
054 E A SN .
SN & Freeze expansion to ACDM and
052 F AN constrain dynamics: o4 and y (Q_
05 E Assuming no prior marginalized)
knowledge on the
048 F obs-mass relation
0.46 E Bu(z) = Bpyo(l+2)°
079 0795 08 0805 081 0815 082 0825 Gicarl?) = OasnpgCl 4 :)ﬂ

Og
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The Fisher Matrix method
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ﬁ
FN . ajvl.m 61\/1.111 1 F _ 1 (9 [n P(‘l(/li, knn Zl) 6 In P(‘](/‘lfv kma ZI) Vefsz
B = Z 3 5. NV +1 Lop = g7 p p - AKAp.
Foi Pa p,B I.m T Y Pa pﬁ
e —
number density of cluster cluster power spectrum
7141 A[}Jf;, i1 1 k f = dz dV ]VZ (Z) P damp (,U, k, Z)
]v].m — AL f dZdQ Vb dM ]1)11(/”1 Zl) - f21+l dz 4¥ (/V NZ( )
I.m 7]
f dM n(M. 2) p(M)b”/W)- T —————
0

e

Majumdar & MOhI' 2003, Tegmark et al. 1997 Sartoris et al. 2010 MNRAS 407.2339
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Survey redshift range

Cumulative redshift distribution

w(a) = wy + we(l — a)

1.5
' ' Wide meanamm: Deep Survey
0% k Medium - Wide Survey
=g, Deep : ] - Medivm Survey 777000
N Total ] ' h Total Survey 1
) 0.5
\ Wide =20000 sq deg
107 F \ .
~ Medium = 3000 sq deg
N \ 3 0
> ' Deep =100 sq deg |
, ' neg: Constraints
10* | . from the
: ' : N Medium
\ survey are 3
' 4 ' times tighter
; -1.5 bE : :
1 1 ‘. 1 L
ot b v ey e _ _ _ _ s _ _ _
0 . | r ) 14 -13 -12 -1.1 -1 -09 -08 -07 -06
Redshift . "o
Sartoris et al. 2012 MNRAS Constraints: 68 % level

—
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Constraints on cosmological parameters
Combining Cluster abundance and Power spectrum

NUMBER DENSITY

.........
" -
_____
.

N e NUMBER DENSITY +
/& PQWERSPECTRUM FoMpgrr = (det [Cov(pi,pj)] ) /2

1} " FLATPRIO ,

. PLANK.PRIOR.~ Pk Ii Constraints: 68 % level
) -

NC
3 F NC +PS .

NC + PS; FLAT Awg = 0.046

: NC + PS + PLANCK 1 Aw, = 0.14

FoM =106

Sartoris et al. 2012 MNRAS
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Constraints on cosmological parameters
from the Redshift Space Distortions

B e )
din D

P(k,p) = (b+ fu®)>P(k) f=

" dlna

Zobs= Zirge * Ve /< Where v, oc Q04 8p/p = (QO4/b) 8n/n

bias
2gF galaxy catalogue 5

without RSD

2¢

G

=2C

-20 | o | 26

Separation on the sky, o (Mpc/h)

Sepatation along the line of sight, n (Mpc/h)

FoMRrsp /FoMnersp = 2
Sartoris et al. 2012 MNRAS Constraints at 68 % level
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DE forecast from future optical near-IR Euclid survey

Mission approved by ESA with

I———SSS the primary aim to study the
15.5 - origin of the Universe
' . : expansion (measure of w) from
: 5 0 galaxy overdensity : BAO+WL cosmic shear
“@ 15.0F -
SO ' ¢ optical band: 550- 900 nm
= ! I - with a resolution of <0.2 arcsec
¥ 14T ) ¢ NIR band: 920-2000 nm
14.0F 3 0 galaxy overdensity - Combination with ground
[ —— ] experiments Pan-STARRS and
086 08 10 12 14 18 18 20 LSST.
redshift 20000 sq deg.

O ———
Euclid cluster sample: 3000
clusters detected via
photometry with WL mass
measurements.
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DE forecast from future optical near-IR Euclid survey

Mission approved by ESA with
the primary aim to study the

origin of the Universe
expansion (measure of w) from

’ eatc 1 L L BAO+WL cosmic shear

2 " NUMBER DENSITY + € optical band: 550- 900 nm

. N POWJ@R ECTRUM with a resolution of <0.2 arcsec

¢ NIR band: 920-2000 nm
g 0

N Combination with ground
experiments Pan-STARRS and

2 LSST.

4t PLANK PRIOR NS 20000 sq deg.

WEXT:NC +PS + PLANCK ———
NC + PS + PLANCK (no mass prior) ======
NC +PS + PLANCK

Euclid cluster sample: 30000
clusters detected via
photometry with WL mass
measurements.

-125 -12 -115 -11 -105 -1 09 09 08 08 -075
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Dark Energy constraints from clusters current data

-

/

-
o -

//

pd

e —

-~ Sl\ila

Vikhlinin et al 2009

— Flat universe

— Constant DE EoS

¢ Constraints from galaxy clusters:

wo=-1.1+0.2
QDE: 0.75+0.04

¢ Joint constraints:

wo =-0.99 + 0.05
Q= 0.74+0.02

Heidelberg, 22 VI 2012
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Dark Energy constraints from clusters current data

e Constraints from clusters number

BAO  wyar —— density obtained with:

-

/’/‘

i 11 o Sl\ila © 49 brightest clusters at z = 0.05
7 —— detected in the X-ray
ROSAT All-Sky Survey

.,/

© 37 clusters (<z> = 0.55)
derived from 400 sq. Deg.

X-ray ROSAT serendipitous survey

Follow up observations of all clusters
with Chandra.

Vikhlinin et al 2009
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Dark Energy constraints from clusters current
and future survey

0o — Flat universe
07 b — Constant DE EoS
-0.8 -
] @ 1 .
ook WEXT 2 Constraints from clusters (2010):
w=-1.1+0.2
o 3 Q= 0.75+0.04
5 :
11 F /
E / , ¢ Constraints from EUCLID:
: _ / Vikhlinin (j9 more than one order of magnitude
1.3 F
: 7 — T tighter.
1 \_~ WMAP 3 3
-14 F Clusters,(2010) —— 7
Y S T T e
06 0.65 0.7 0.75 0.8 0.85 Constraints at 68 % level
Qpg
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Dark Energy Task Force FoM

Future Cluster, BAO and WL

SUIVeys Current Cluster surveys s
‘ — K — - FoMpgrr = (det [Cov(pi,pj)] )
Total
Deep
1000 o All WEXT clsuters
........... WL IV-0
100 -
CL IV-0 and BAQ IVS-o TU((I) — Wy ‘|— 'U)a,(l — (1)
10 /
N CLII =it s R =t =
= E Constaitns from 2 x 10* WXFT
0.1 H clusters with direct
f mass measurments:
0.01 F
Awo = 0.046
0.001 Aw,=0.14
[ FoM =106
0.0001 .
% ¥ % e %,
R0, %2, N
A ~
WXEFT Clusters with mass measurments e e il S MINTRAG
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Non-Gaussian evolution of clusters

Grossi et al. 2007
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Non Gaussian initial conditions

9 Parametrize deviations from Gaussian initial fluctuations:

f\;=0 standard cosmology

Positive skewness: collapse of halos at higher z, for fixed os.

nes(M, 7 Ab(M, 7z, k
n(M,z) = n'© (M, 2) ps(M, 2) b(M,z2.k)=1+bP WM. |1 + M, 5:5)

(G) L (G)
/’N: RN EEE NN R e RN EEERR AN /Nt L L L s L B B L O
S 02 —+ S92 005 F T &
S - . 1 1 2. i T §
rae s T . ¥ _ 1= i
g0 T 11X oL T 7
~ - = - N B =i
Z 02F E3 ilz ¢ I
04 F2z2=0 Tz =1 3 0 Z_p05 Lk = 0.05 hMpe'T_k = 0.2 hMpc~! ]
- ~ local T local N L ~- local —+ local =
\O/D ol b b b b b o < Dol v b b b b dd
S 15. 14, |15 13 14. 15 LS 14 19 18 14 1.9

Log(M [M,h™1]) Log(M [M_ h~1])

Fedeli et al. 2009 Red for fNL=145; Black for fNL: -12
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Constraints on Non-Gaussianit

Strong complementarity NC and PS to constrain og and f; .

Sartoris et al. 2010 MNRAS 407,2339

2 Number Counts:

weakly sensitive of the high
end of the mass function to non
Gaussianity and so on f; .

® Power Spectrum:
through the scale-dependence
of bias strong constraints on

f

NL

100 ]
NUMHER DENSITY g
50 } :
S POWER SPECTRUM
Z 0 B
sol ' NUMBER
- DENSITY +
POWER
00 bt TRUM
0.6 0.7 0.8 0.9 PLANK PRIOR

Constraints at 68 % level
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Constraints on Non-Gaussianity

Combine all the information obtainable from the three WXFEXT surveys

Most of the constraining power

100 r——r—————r — — from Wide SUrvey:.
| o : = larger statistics out to z = 1
Deep survey yyide !
_ Tota] weeewee— ]
50 L : : = better sample long-wavelength
| Medium survey modes
Fof IR ® Constraints from WFXT:
| , F ; Afy =12
S0F Total survey @ Current constraints from
_ . CMB (WMAP-7):
-100 TR | IR PN | PP '9 < fNLCMB < 111 (95% C'L‘)
0.75 0.8 0.85 0.9 (Komatsu et al. 09)
Ogq

Constraints at 68 % level
Sartoris et al. 2010 MNRAS 407,2339
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Introduction: Results: X-ray forecast on DE Results: RDCS

Conclusions

galaxy clusters and Non-Gaussianity Constraints

Using high-z massive clusters to constrain Non-Gaussianity

XMMU-J2235.3 cluster (Jee et al. 2009) z~1.4, M= 5 x 10M_ detected in 11 sq.deg.

Number of clusters with mass
M> 5 x 10¥M_, found in

the redshift range 1.4 <z <2
within 11 sq.deg.

56" 30”

00" §

57’ 30”

Declination (2000)

00”

58’ 30”

0.1 h‘,':‘Mpc
i

z=1.393

-25° 59" 00"

26° 247 22° 20° 18° 22" 35™ 16°
Right Ascension (2000)

Sartoris et al. 2010 MNRAS 407,2339 Mullis et al. 2005, Jee et al.
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Cosmology with clusters of galaxies

Galaxy clusters as cosmological probes

Growth tests

Geometrical tests

Forecasts from future surveys The importance of the observable mass calibration
Combination of power
spectrum and number density
Dark Energy constraints

Non Gaussian constraints

Cosmological constraints from current cluster surveys

Massive high-redshift clusters

High-redshift (z>0.8) mass function
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Cluster Surveys (1980 - 2010)

Solid angles and flux limits of X-ray cluster surveys

,‘O

Pencil-beam, ultra-deep:
less massive systems at high-z

Heidelberg, 22 VI 2012
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In order to obtain tight
constraints we need :

® a robust measurement of
the mass proxies

® a large statistic of clusters
(expecially at high redshifts)

sample size

10°

104

10°

102

10

I

SDSS maxBCG

.................................................

:Rf‘.';--'l A .‘,\.OR(;Sl
. - : Planck
BCS 100d - .(ESZ)
% 8
§ MACS:
B50 ! o RDCS
. EMSS : ACT
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ROSAT Deep Cluster Sample - RDCS

Heidelberg, 22 VI 2012

RDCS1350+60

z=0.804

"RDCS0337-34

RDCS high-z sample

(fiim = 1014 erg/cm?/s

[0.5 — 2]keV band)
0.8<z<1.3

RDCS0910¢54> © ..

&y 3

RDCS1317+29 *
o"

\RDCS0849+4452

B. Sartoris

Rosati et al 1995




ROSAT Deep Cluster Sample - RDCS

RDCS redshift distribution (Na=106)

erg/cm?/s

e |
T i i flinl:leO_14 i
1 Jem?/
- : erg/cm?/s _

e SRR

-
.

RDCS high-z sample
[0.5 — 2]keV —
0.8<z
0t
RDCS1350+69 ! :
- M
= Pl
10 [
5
0
0 02

[ROSAT]

0.4

0.6 ({8 1 1.2 14
Redshift

Rosati et al 1995
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Cluster mass functions in three redshift ranges

10 . —_— .
' Vikhlinin 0.025<z<0.25 + = 5
N Vikhlinin 0.35<z<0.90 —=— ]
RDCS high-z 0.8<z<1.3 =
107 ., 4
‘-A&A‘ Q :
s
-
-6 ' eTO
: 10 . o5 J
9] aL ¥ ,
=) k
“« 7 0.35 %
< 10 Os B S, M E
< E VRN ]
g .3
Z. 1 !
8 4
10 RDCS | I 5

Sartoris et al. 2012 in preparation

® Mass from WL for 5 clusters
from HST observations. Error
on mass between 12%< Mwr, <

30%

® Mass from hydrostatic
equilibrium for 7 clsuters.
from Chandra observations.
Error on mass between

20%< Mx < 50%

® Mass derived from the
theoretical observable-mass
relations for 2 clusters.
Error on mass >50%
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Cluster mass functions in three redshift ranges

N(GM) h™ Mpe™

Vikhlinin 0.025<z<025 -

Vikhlinin 0.35<z<0.90 —s—i
RDCS high-z 0.8<z<1.3 —=—1 1

-
N5 %25
0.
0 IS,
CES <o 4
?T 8 '90' A

7 T8

-3 : N
RDCS ! !

Sartoris et al. 2012 in preparation

Rosat Deep Cluster Survey
(fiim = 104 erg/cm?/s [0.5 — 2]keV band)

® Cluster mass function at

<z = 0.9>. The observed
evolution of the mass function
as calculated

from zRDCS-1 sample is in
agreement with prediction of
ACDM at high redshift.
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Constraints from current optical survey: SDSS maxBCG
S

Rozo et al. (2010) derived cosmological constraints

from the SDSS maxBCG cluster sample (Koester et al., 2007b)
and the statistical weak lensing mass measurement from
Johnston et al. (2007).

® SDSS maxBCG survey area: 7398
sq. deg.

® Photometric redshift range: [0.1, 0.3]
® More than 9 103 clusters
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Conclusions
T ————————————————————————————————————————————————————

Forecast on DE EoS from future X-ray surveys:
® A robust measurement of the mass proxies and a large statistic of clusters
are both important to obtain tight constraints.

Constraints deviation from Gaussian perturbation models with future X-ray
surveys:

® NC and PS of galaxy clusters are highly complementary in providing
constraints.

® DS is sensitive to deviations from Gaussianity, through the scale
dependence of the bias.
® Wider area surveys better sample long-wavelength modes.

Tests of LCDM models with high redshift, massive cluster:
® Mass estimations from different methods are consistent and reduce
possible systematic errors

Current X-ray cluster data:

® High-z mass function from current X-ray data confirm the LCDM scenario
inferred from cluster samples at lower z. Waiting for cosmological
constraints ...

Heidelberg, 22 VI 2012 B. Sartoris



