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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...
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Origin of Structure

Big Bang: homogeneous distribution

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

Basic scheme:

Primordial Universe?” < 1

Present universé? > 1, &,(r), ¢(L)
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Origin of Structure
Big Bang: homogeneous distribution
but structures exist: LSS, Clusters, Galaxies,
stars...
Basic scheme:
Primordial Universe?” < 1

Present universé? > 1, &,(r), ¢(L)
maisoh < 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 et donc :
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Fluctuations of the metric
galaxies V,,; ~ 50 — 300km/s et donc :

for a cluster.c ~ 500 — 2000km /s
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Fluctuations of the metric
galaxies V,,; ~ 50 — 300km/s et donc :

for a cluster.c ~ 500 — 2000km /s

0.2

—5

CMB:

5T 2
L Sh~ 1070
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...and RW metric
For large scale strutures:
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...and RW metric
For large scale strutures:

GoM  Gopr?

rc? c?

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

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 strutures:

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:

T N~

1
VGp
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Gravitational instability

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”
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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”

Minimal asumption: gravity should be active.
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Perturbations|
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Perturbationsl|
Comoving coordinates: = a(t)x with a(t) = R/ Ry
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Perturbations|

Comoving coordinates: = a(t)x with a(t) = R/ Ry
Velocity:

dr —_—
u—a— axr -+ ax

Hubble flow  peculiar velocity
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Perturbations|

Comoving coordinates: = a(t)x with a(t) = R/ Ry
Velocity:

dr —_—
u—a— axr -+ ax

Hubble flow  peculiar velocity
Fluid equations:

dp
%JrV(pu) =

d
p—u + p(u.Viu = —Vp—pVd

dt
Vi® = 4nGp
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Perturbations| |
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Perturbations ||

New coordinatesz, v, p = (1 + 6)p,
¢ =&+ 1/2adz?
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Perturbations ||

New coordinatesz, v, p = (1 + ),
¢ =d+ 1/2ad2?
The equations become.:

9 + %V((l +d6)v) = 0

ot
ov 1
E -+ E(UV)”U

1
——Vp— Vo
0a

V26 = 4nGpa*s
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Perturbations ||

New coordinatesz, v, p = (1 + ),
¢ =d+ 1/2ad2?
The equations become.:

9 + %V((l +d6)v) = 0

ot
ov 1
E -+ E(UV)U

1

——Vp— Vo
pa

V26 = 4nGpa*s

No term coming directly from uniform background
(but throughu(t)).
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L Inearization
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L Inearization

00 1

E + EVU =
825 | 29@ va
o2 “a ot Da’

|
I
=
P
i)
-
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L Inearization

0o 1

E + EV”U =
825 | 29@ va
o2 “a ot Da’

|
I
=
P
i)
S,

Neglecting pressure term:

5+9%5 — 4nGBs = 0
a
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L Inearization

do 1

a—l—av.’l} =

2 . 2

70 | 29@ = VP - 4G po

ot? a Ot 0a?

Neglecting pressure term:
.- B
04+ 2—-0 —4nGpo =0
a

No spatial derivates anymore.
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M odes
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M odes
The solution can be written:

0(x,t) = D(t)f(x) with:

. 2
D+o%h— SQu(t)H?D = 0
a
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M odes
The solution can be written:

0(x,t) = D(t)f(x) with:

. 2
D+o%h— SQu(t)H?D = 0
a

The general solution can be written:

5(z,t) = D(t)5y(x)



Einstan de Sitter case
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Einstan de Sitter case
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Einstan de Sitter case
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Einstan de Sitter case

21
a(t) o< t2/3 and & = 2=
a 31

4D 2D

3¢ 32

Looking for D o t“:
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Einstan de Sitter case

21
a(t)o<t2/3andg———
a 3t
4D 2D
3t 312
Looking for D o t“:
( 1)+4 L W 4ia—Z—y
a\o — - — — = -y — — =
3 3 3 3
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Einstan de Sitter case

21
a(t)o<t2/3andg———
a 3t
4D 2D
3t 312
Looking for D o t“:
( 1)+4 L W 4ia—Z—y
a\o — - — — = -y — — =
3 3 3 3

Two modes:
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Einstan de Sitter case

21
a(t)o<t2/3andg———
a 3t
4D 2D
3t 312
Looking for D o t“:
( 1)+4 2 W 4ia—2—0
a\o — - — — = -y — — =
3 3 3

Two modes:

* o= —1decaying modeD(t) = D_ o<t *
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Einstan de Sitter case

21
a(t)o<t2/3andg———
a 3t
4D 2D
3t 312
Looking for D o t“:
( 1)+4 2 W 4ia—2—0
a\o — - — — = -y — — =
3 3 3

Two modes:

* o= —1decaying modeD(t) = D_ o<t *

* a =2/3 growing mode:D(t) = D, oc t?/? = ;L
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(), =0A =0 case

Structure formation & Clusters for Cosmology — Sep. 2014 — p.11/21



(), =0A =0 case

' 1
a(t)octa,ndg:—
a t
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(), =0A =0 case

' 1
a(t)octa,ndg:—
a t

. D
D+27:O ie.a’+a=0
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(), =0A =0 case

' 1
a(t)octa,ndg:—
a t

. D
D+27:O ie.a’+a=0

Two modes:
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(), =0A =0 case

' 1
a(t)octa,ndg:—
a t

. D
D+27:O le.a’+a=0
Two modes:

» o = —1 decaying modeD(t) = D_(t)
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(), =0A =0 case
a 1

t) x tand — = -
a(t) o and — = -

. D
D+27:O le.a’+a=0
Two modes:

» o = —1 decaying modeD(t) = D_(t)

* « = (0 growing mode:
D(t) = D, o t° = cste — frozen.
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(), =0A =0 case
a 1

t) x tand — = -
a(t) o and — = -

. D
D+27:O le.a’+a=0
Two modes:

» o = —1 decaying modeD(t) = D_(t)
* « = (0 growing mode:
D(t) = D, o t° = cste — frozen.

General case (arbitrafy,, but A = 0) has analytical
solution: one growing mode and one decaying mode.
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Radiation dominated
Pressure not coupled to matter.
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Radiation dominated
Pressure not coupled to matter.
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Radiation dominated
Pressure not coupled to matter.

' 11

a(t) o tY/? and S

a 21
L1 9 3 o
D+-D=0,>H2D = Q-2
t 2 2 Py
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Radiation dominated
Pressure not coupled to matter.

' 11
a(t) o tY/? and S
a 21
N 3 3 o,
D+-D=0,>H2D = Q-2
t 2 2 Py
that is :
R
D+ D=0

Growing mode is frozen.
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Radiation dominated |
Pressure and matter coupled.
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Radiation dominated |
Pressure and matter coupled.
Need relativistic treatment...
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Radiation dominated |
Pressure and matter coupled.
Need relativistic treatment...
But let’s us use the newtonion regime approximation :
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Radiation dominated |
Pressure and matter coupled.
Need relativistic treatment...
But let’s us use the newtonion regime approximation :

* p -+ 3p/c*is the source of gravity.
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Radiation dominated |
Pressure and matter coupled.
Need relativistic treatment...
But let’s us use the newtonion regime approximation :

* p -+ 3p/c*is the source of gravity.

* Pressure comes in the relativistic equations of
motion.
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Radiation dominated ||
Equation for perturbations becomes:

3

. .. 99
§+225 - ZlGas =0
a 3
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Radiation dominated ||
Equation for perturbations becomes:

. .. 99
54+ 9% — 52T o5 — 0
a 3

N 2
32T s 4<>
3 a

with :
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Radiation dominated ||
Equation for perturbations becomes:

. .. 99
54+ 9% — 52T o5 — 0
a 3

N 2
32T s 4<>
3 a

with :

two modes:
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Radiation dominated ||
Equation for perturbations becomes:

. .. 99
51+ 9%% — 95 Gz — 0
a 3

327 2\ 2
—Gp=1
two modes:

o = —1 decaying modeD(t) = D_(t)

with :
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Radiation dominated ||
Equation for perturbations becomes:

. .. 99
51+ 9%% — 95 Gz — 0
a 3

327 2\ 2
—Gp=1
two modes:

o = —1 decaying modeD(t) = D_(t)

with :

* o =1 growing mode:D(t) = D, xt
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Case A # 0}, ~
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Case A # 0}, ~

a(t) oc exp(Ht)

Structure formation & Clusters for Cosmology — Sep. 2014 — p.15/21



Case A # 0}, ~

a(t) oc exp(Ht)

D+2HD = (
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Case A # 0}, ~

a(t) oc exp(Ht)

D+2HD = (

SO .
D o exp(—2Ht)

and
D o exp(—2Ht)
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Case A # 0}, ~

a(t) oc exp(Ht)

D+2HD = (

SO .
D o exp(—2Ht)

and
D o exp(—2Ht)

=linear fluctuations are damped.
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Jeans length
Let's take a fluid with a state equation= F'(p)
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Jeans length

Let's take a fluid with a state equation= F'(p)
Sound’s velocity:

dp
o

& =

Structure formation & Clusters for Cosmology — Sep. 2014 — p.16/21



Jeans length

Let's take a fluid with a state equation= F'(p)
Sound’s velocity:

SO
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Jeans length

Let's take a fluid with a state equation= F'(p)
Sound’s velocity:

7 Op
Cs—a—p
SO
LS <
oz " “aot a2 P
becomesdp = czdp):
825 a 00 CS 2 9
Fo—— = (=2 ArGp
o2 " “a ot (a) V70 4 4mGipo
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Jeanslength I

Fourier transform:
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Jeanslength I

Fourier transform:

825k | aﬁ(Sk _ s\ 2
0z TCaor WGP—(‘“;) 10
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Jeanslength I

Fourier transform:

825k aﬁ(Sk _ s\ 2
o Tl = WiGr— (k1) 1o
Jeans’ length:
2T T
Ay = —al(t) = —
J kj@() S\ G
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Jeanslength I

Fourier transform:

825k aﬁ(Sk _ s\ 2
o Tl = WiGr— (k1) 1o
Jeans’ length:
2T T
Ay = —al(t) = —
J kj@() S\ G

SO.
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Jeans length ||

Fourier transform:

825k a(%k _ s\ 2
o Tl = WiGr— (k1) 1o
Jeans’ length:
2T s
Ay = —a(t) = —
J kja() S\ G

SO:
* A > \;growing mode, n® effect.
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Jeans length ||

Fourier transform:

825k a(%k _ s\ 2
o Tl = WiGr— (k1) 1o
Jeans’ length:
2T s
Ay = —a(t) = —
J kja() S\ G

SO:.
* A > \;growing mode, n® effect.
* A\ < \; damped oscillations.
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Jeans M ass evolution |

pm = po(1+ 2)°
pr = pro(1+ 2)°
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Jeans M ass evolution |

pm = po(1+ 2)°

Pr = /07“0(1 T Z)4
SO .
Pm L == Zg

Pr 1+ 2
with z., ~ 2300092A° (3 light neutrinos)
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Jeans M ass evolution |

pm = po(1+ 2)°

Pr = /07“0(1 T Z)4
SO .
Pm L == Zg

Or 1+ 2

with z., ~ 2300092A° (3 light neutrinos)
Baryon-photon mixturep = p, + p, and

DD, = prCQ/S SO:.
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Jeans M ass evolution |

pm = po(1+ 2)°

pr = pro(1 + 2)*
SO .
Pm L == Zg

Or 1+ 2

with z., ~ 2300092A° (3 light neutrinos)
Baryon-photon mixturep = p, + p, and

DD, = prCQ/S SO:.

1/2
<ap>1/2 (1 \Y
Op V3 \ 1+ S
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Jeans M ass evolution ||

With:
oy = pro(l + 2)°
pr = pro(1+ 2)°*
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Jeans M ass evolution ||

With:
oy = pro(l + 2)°
pr = pro(1+2)°

Opp _ 3pe
Opr  4p;

Three regimes:
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Jeans M ass evolution ||

With:
oy = pro(l + 2)°
pr = pro(1+2)°

Opp _ 3pe
Opr  4p;

Three regimes:

o z>>z€qand05~%
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Jeans M ass evolution ||

With:
oy = pro(l + 2)°
pr = pro(1+2)°

Opp _ 3pe
Opr  4p;

Three regimes:

o z>>zeqand05~%

[ 14n 1/2
® Zree S Z < Zeg ONE hascg ~ 7 HZ"
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Jeans M ass evolution ||

With:
py = pro(l + 2)
Pr = ,0740(1 - Z)4

3

Opy _ 3 P
Opr  4p;

Three regimes:

. z>>z€qand05~%

[ 14n 1/2
® Zree S Z < Zeg ONE hascg ~ 7 HZ"

. 1/2
* 2z < z,... No coupling anymorecg ~ (3]“#) / x 1,
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Jeans M ass evolution |11
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Jeans M ass evolution |1
Numerically:

For the Jeans’ massZ; ~ L p,, A}
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Jeans M ass evolution |1
Numerically:

. z>>z€q05~%

For the Jeans’ massZ; ~ L p,, A}

°* Z > Zeg
My ~ 3107 (Qh*) 72 /(1 + 2/1 + z¢4)*Mg
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Jeans M ass evolution |1
Numerically:

. z>>z€q05~%

© Zree < 2 < 2eg €5 == 210°%(1 + 2/1 + zeq)l/2 m/s

For the Jeans’ massZ; ~ L p,, A}

°* Z > Zeg
My ~ 3107 (Qh*) 72 /(1 + 2/1 + z¢4)*Mg

© Zree < 2 < 2¢g My ~ 3107 (Q1%) Mg

Structure formation & Clusters for Cosmology — Sep. 2014 — p.20/21



Jeans M ass evolution |1
Numerically:

© 2> Zeq C§ %
© Zree < 2 < 2eg €5 == 210°%(1 + 2/1 + zeq)l/2 m/s
© 2 < Zpee 5 = 510°(1 4+ 2/1 + Zeq)l/Q m/s

For the Jeans’ massZ; ~ L p,, A}

°* Z > Zeg
My ~ 310"%(QR%)~2/(1 + 2/1 4 2e,)*Mg

* Zree L 2K Zeg My ~ 3101 (Qh%)*M
o 2 < Zpee My ~ 510%(QR%) 12N,
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Jeans M ass evolution 1V

Asvmptotic value

Linsizbic

Galactic mass

-

; INASS )

Linsiable

=
=3
]
—
E
o}
-—

Radiation

domnated

ombination

L
L

"-"I:ilzl.l.l.'l dommanated
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