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Origin of Structure
Big Bang: homogeneous distribution
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Origin of Structure

Big Bang: homogeneous distribution

but structures exist: LSS, Clusters, Galaxies,
stars...

Basic scheme:

Primordial Universe?” < 1

Gravitational instability scenario.

Present universé? > 1, &,(r), ¢(L)
butoh < 1 so Newton dynamics is enough.
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Fluctuations of the metric
galaxies V,,; ~ 50 — 300km/s
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Fluctuations of the metric
galaxies V,,; ~ 50 — 300km/s ans so :
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Fluctuations of the metric
galaxies V,,; ~ 50 — 300km/s ans so :

for a cluster:.c ~ 500 — 2000km/s

§h ~ = ~ 1070
C
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Fluctuations of the metric

galaxies V,,; ~ 50 — 300km/s ans so :

CMB:
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...and RW metric
For large scale structures:
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...and RW metric
For large scale structures:

GoM  Gopr?

rc? c?

oh
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...and RW metric
For large scale structures:

2
GoM N Gopr 297
rc? c?
validity of RW cannot be tested by LSS...

oh ~
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...and RW metric
For large scale structures:

9
GoM N Gopr 297
rc? c?

validity of RW cannot be tested by LSS...
but by CMB!

oh ~
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Gravitational instability
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Gravitational instability

1900 Jeans : static medium, exponential growth:
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Gravitational instabllity

1900 Jeans : static medium, exponential growth:

Lemaitre 1933, exact spherical solution with R.G.
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Gravitational instability

1900 Jeans : static medium, exponential growth:

Lemaitre 1933, exact spherical solution with R.G.
Lipshitz 1946, linear theory, growtk t”

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.5/30



Gravitational instability

1900 Jeans : static medium, exponential growth:

Lemaitre 1933, exact spherical solution with R.G.
Lipshitz 1946, linear theory, growtk t”

Minimal asumption: gravity should be active.
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The Coma cluster
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The Coma cluster
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The Coma cluster
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3D surveys
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3D surveys

Velocity dispersion in galaxy clusters.
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3D surveys

Velocity dispersion in galaxy clusters.
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v = HyD + vpe. cos(0)
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Clusters: a tool for cosmologists

So:
Dobs — Dtrue - H()_l‘/;?ec COS(H)
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Clusters: a tool for cosmologists

So:
Dobs — Dtrue - H()_l‘/;?ec COS(H)

Measuresrp = o3p/v/3
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Clusters: a tool for cosmologists

So:
Dobs — Dtrue - H()_l‘/;?ec COS(H)

Measuresrp = o3p/v/3
Isothermal sphere:

(r) =~
7‘ —
P 27 Gr?
Inferred mass:

; G M
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Clusters: a tool for cosmologists

So:
Dobs — Dtrue - H()_l‘/;?ec COS(H)

Measuresrp = o3p/v/3
Isothermal sphere:

o)
pr) = 27 Gr?
Inferred mass:
R

Zwicky (~ 1930) inferred the presence of dark matter.

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.8/30



Clusters: a tool for cosmologists
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Clusters: a tool for cosmologists
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Clusters: a tool for cosmologists
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Clusters: a tool for cosmologists
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Clusters: a tool for cosmologists
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Optical data : Stars, metals, velo»city dispersien
Mass...
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X-ray Visions on clusters
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X-ray Visions on clusters

Coma Cluster
0.5-2.0 keV

0.5 Degree

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.10/30



X-ray Visions on clusters

Coma Cluster
0.5-2.0 keV
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X-ray Visions on clusters

Coma Cluster
0.5-2.0 keV

) 10 v

Right ascen . .
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X-ray Visions on clusters

Coma Cluster
0.5-2.0 keV

X-ray data : Gas, metals, temperature Mass...
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X-ray Visions on clusters
XMM view of A548b
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X-ray Visions on clusters
XMM view of A548b
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X-ray Visions on clusters
XMM view of A548b: Sx profile
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X-ray Visions on clusters
XMM view of A548b: Sx profile

Bobwoor Relic Aand B
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X-ray Visions on clusters
XMM view of A548b: Sx profile

36—0.5

(1+(6/6.)°)
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Sx profile
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Sx profile
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Sx profile
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background has to be substracted.
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Temperature

The gas In clusters has temperatures between 1 and :
keV.
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Temperature

The gas In clusters has temperatures between 1 and :
keV.

i
=
@
B

T
n
n
e
c
3
o
Q

I oo A

60 —40 —20 6 20 @b fi0
1 2
Energy (keV)

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.14/30



Hydrostatic mass estimates

Hydrostatic equilibrium
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Hydrostatic mass estimates

Hydrostatic equilibrium

dP, psGM(7)

dr 2

with P, = nkT = L9 kT
Ty
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Hydrostatic mass estimates

Hydrostatic equilibrium

dP, psGM(7)

dr 72
with P, = nkT = kT leading to :
Ty

M(r) - kT'(r) (dlnp, { dInT .
Gum, \ dlnr — dlnr
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Hydrostatic mass estimates

Hydrostatic equilibrium

dP, psGM(7)

dr 12
with P, = nkT = kT leading to :
Ty
T ] InT
M(r) = kT (r) <dnpg I dln )T
Gum, \ dlnr — dlnr
Isothermal beta modet > r,) :
kT
M(r)=-305 (r) r

Gumy,

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.15/30



SZ Vision on clusters
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SZ Vision on clusters

Sunyaev-Zeldovich effect: inverse Compton effect of
CMB photons on the hot electrons of intra-cluster gas
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SZ Vision on clusters

Sunyaev-Zeldovich effect: inverse Compton effect of
CMB photons on the hot electrons of intra-cluster gas

Blackbody

y = 0.15, Exact
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SZ Vision on clusters
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SZ Vision on clusters
Sunyaev-Zeldovich effect: induces spectral distorsion
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SZ Vision on clusters
Sunyaev-Zeldovich effect: induces spectral distorsion

y = 0.0005

Kompaneets
KT = 5.1 keV
kKT = 15.3 keV
K1 =25, 5 keV
<kT> =125
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SZ Vision on clusters
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SZ Vision on clusters
A2319 by Planck

217 GHz
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SZ Vision on clusters
A2319 by Planck

217 GHz
SZ Signal : Gas mass temperature—+ Mass...
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SZ Vision on clusters
A2319 by Planck

217 GHz
SZ Signal : Gas mass temperature—+ Mass...

No dimming with redshift
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Final words
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Final words
Clusters are unique objects in astrophysics:
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Final words
Clusters are unigue objects in astrophysics:

- Baryons content can be
measured/estimated

- Metals content can be estimated
- Mass content can be estimated
- In redundant ways

- — fundamental probes for cosmology
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Non linear regime
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Non linear regime

General problem very complex
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Non linear regime

General problem very complex
1- dimensional approximation allows analytical
calculations.
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Non linear regime

General problem very complex

1- dimensional approximation allows analytical
calculations.

Spherical model (Lemaitre, 1933)
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Non linear regime

General problem very complex

1- dimensional approximation allows analytical
calculations.

Spherical model (Lemaitre, 1933)

Newtonian problem.
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Non linear regime

General problem very complex

1- dimensional approximation allows analytical
calculations.

Spherical model (Lemaitre, 1933)

Newtonian problem. Solution already seen:

Dark Matter + Dark Energy
effect the expansion of the universe

Qpn Q,
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Spherical Perturbation |
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Spherical Perturbation |

Qo

Hot = (0= sin(6)
ol
Rt) = 5o (1= cos0)
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Spherical Perturbation |

- Qg .
Qo Ry
RE) = (1= cos(0)

Density at maximum:
~ 3
. . [ Ro
P Po é
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Spherical Perturbation Il
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Spherical Perturbation Il

At maximum: R,, <> ¢ = 7
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Spherical Perturbation Il

At maximum: R,, <> ¢ = 7

3H2 4(Qg—1)3

Pm = 3rG 2
- ()
HO tm — ~ L

_
2(Cp — 1)3/2
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Spherical Perturbation Il

At maximum: R,, <> ¢ = 7

~

3H2 4(Qg—1)3

" 327G Q2
. Q)
HO tm — = 0
2(Q — 1)3/2
l.e.
— 372
fm = 32m G2,
: . Om, _ 1
with: 1+ A, = p? andp = —= (EdS)
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Spherical Perturbation Il

At maximum: R,, <> ¢ = 7

~

3H2 4(Qg—1)3

" 327G Q2
N Q
HO tm — ~ 0
2(Q — 1)3/2
l.e.
— 372
fm = 32m G2,
with: 14+ A,, = %m andp = — (EdS)
9
A, =—7°—1 ~4.
m 1677 59
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Virialization |
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Virialization |

At 2t,, solution reaches a singularity.
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Virialization |

At 2t,, solution reaches a singularity.
During collapse kinetic energy prevents singularity.
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Virialization |

At 2t,, solution reaches a singularity.
During collapse kinetic energy prevents singularity.

Initially : g2
87

R;

KZO&HdUiz—
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Virialization |

At 2t,, solution reaches a singularity.
During collapse kinetic energy prevents singularity.

Initially : g2
87

R;

K = 0and U@ = =
In the final stage (virialization):

1
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Virialization |

At 2t,, solution reaches a singularity.
During collapse kinetic energy prevents singularity.
Initially :

M2
K=0andU; = - 2%
R;
In the final stage (virialization):
1
K;=—-=U
f 9 f

Energy conservation:

1
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Virialization |

At 2t,, solution reaches a singularity.
During collapse kinetic energy prevents singularity.
Initially :

2
K —0and U, — —2¢M
R;
In the final stage (virialization):
1
K;=—-=U
f 9 f

Energy conservation:
1

SO. 1
R = -R,
=9
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Virialization: |
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Virialization: |

SCDM

ACDMOZ
ACDMF2
ACDMCZ
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Virialization ||
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Virialization |
Contrast density at virialization:

) 2

1+ A,
T
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Virialization |
Contrast density at virialization:

9
1—|—Av:1—67'('2><23

Cosmology with Clusters of galaxies — EDE2016 —August 2016 — p.26/30



Virialization |
Contrast density at virialization:

9
1+ A, = 1—67r2 x 23 % (24/3)3
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Virialization |
Contrast density at virialization:

9
14+ A, = 1—6w2 x 23 % (2%3)% = 1872 ~ 178
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Virialization |
Contrast density at virialization:

9
1+ A, = 1—6772 x 23 % (2%3)% = 1872 ~ 178

let’s estimate the linear expected amplitude at viriliza-
tion.
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Virialization Il1
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Virialization Il1

00
1+ 2

5(2) — (50(t/t0)2/3 —

0o linear amplitude today.
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Virialization Il1

0
5(=) = dult/to)*"* = T
0o linear amplitude today.
~ 3Pm B 640,
T T—cosg)*  B(1— 42/4)
b ot
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Virialization Il1

0
5(=) = dult/to)*"* = T
0o linear amplitude today.
~ 3Pm B 640,
T T—cosg)*  B(1— 42/4)
b ot

SO.

¢ (Ot ’ )2
= (%) i+
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Virialization 1V
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Virialization 1V

and
. ¢2 ¢2 64pmt72n
P = (1 | ) 242
4 10 (67T) t
wz ¢2 64 372 3¢2

— (1 4
T~ 10362 5ce - Pt 50
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Virialization 1V

and
. @DZ ¢2 64pmt72n
P = (1 | ) 242
4 10 (67T) t
wQ ¢2 64 372 3¢2

— (14 — (1 -
A+ T~ 1036 3arae — Pt 300

so with : p = p(1 + 0)

5 3 3 (67t _3(6m)20 1 + 2
200 20 \ t,, 20 1+ 2
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Conclusion
(for the spherical collapse model)
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Conclusion
(for the spherical collapse model)

3(6 2/3
Om = ( ;TO) (142,,) = 1.06(1+2,,)whenA,,, ~ 4.5
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Conclusion
(for the spherical collapse model)

3(6 2/3
O = ( ;TO) (142,) = 1.06(1+z,,)whenA,,, >~ 4.5
and
3(6 2/3
O = 2%/3 (6m) (1+2z,) = 1.68(1+2,, ) whenA, ~ 177.

20
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Conclusion
(for the spherical collapse model)

3(6m)*/3
Om = ( ;TO) (142,,) = 1.06(1+2,,)whenA,,, ~ 4.5
and
2/3
O = 22/33(650) (1+2z,) = 1.68(1+2,, ) whenA, ~ 177.

Transition into the non linear regime Is extremely
rapid.
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Conclusion
(for the spherical collapse model)

3(6m)*/3
Om = ( ;TO) (142,,) = 1.06(1+2,,)whenA,,, ~ 4.5
and
2/3
O = 22/33(650) (1+2z,) = 1.68(1+2,, ) whenA, ~ 177.

Transition into the non linear regime Is extremely
rapid.

1+ 2,\°
F0r2<zv,A:177( +Z>
|
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Flat cosmology

(for the spherical collapse model)
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Flat cosmology

(for the spherical collapse model)
A, ~ 187° + 82z — 39z°

(compared te.(z)) with x = Q(z) — 1 (Bryan and
Norman, 1998) and
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Flat cosmology

(for the spherical collapse model)
A, ~ 187° + 82z — 39z°

(compared te.(z)) with x = Q(z) — 1 (Bryan and
Norman, 1998) and

Otp, = 2—30(127r)2/3[1 +0.01231og(Q(2)].

(Kitayama and Suto, 1996)
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