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Standard cosmological model

Cosmological parameters
Qm,o, Qq,Os hOs W(a)

Density fluctuations
n=1,ogg, P(K)

Nearly Gaussian and adiabatic initial density fluctuations
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Dark energy I: generalities

@ Time dependent equation of state w(a) = P/(pc?)
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Dark energy I: generalities

@ Time dependent equation of state w(a) = P/(pc?)

@ Affects cosmic history and geometry
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Dark energy I: generalities

@ Time dependent equation of state w(a) = P/(pc?)
@ Affects cosmic history and geometry

@ Changes structure formation — number counts and growth factor
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Dark energy I: generalities

@ Time dependent equation of state w(a) = P/(pc?)
@ Affects cosmic history and geometry
@ Changes structure formation — number counts and growth factor

0 EXa)= 20 4+ 2m0 4 20 1 0 0g(a)

@ g(a) =exp (—3 fla % da’)
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Dark energy ll: inhomogeneous case

@ we(a) = wp(a)

@ p=pp(1+9)
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Dark energy ll: inhomogeneous case

@ we(a) = wp(a) @ SP/Sp = wesc?

o pzpb(l +90) ® w, =W+(Weff—W)1f_(D5EDE
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Equation of state w(a)

w(a)

(Pace et al. 2010)
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Spherical collapse model: generalities

@ It follows the evolution of the overdense sphere

@ Characterised by 4 parameters: aia, £, ¢, Av
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Spherical collapse model: generalities

@ It follows the evolution of the overdense sphere
@ Characterised by 4 parameters: aia, £, ¢, Av
@ Two different approaches

@ Evolution of the radius of the sphere
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Spherical collapse model: generalities

@ It follows the evolution of the overdense sphere
@ Characterised by 4 parameters: aia, £, ¢, Av
@ Two different approaches

@ Evolution of the radius of the sphere
@ Evolution of the overdensity (hydrodynamical approach)
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Two equations, for the scale factor and for the radius

=
Il

\/%+/lx2g(x)+(1—a)—/l)

_w_(_ 1+3w(x)/l

22 2 gy
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Two equations, for the scale factor and for the radius

o)
Il

\/%+ﬂx2g(x)+(1—a)—/l)

_w_{_ 1+3w(x)/l

22 2 g(x)y

y =

¢ and a, to be determined
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Two equations, for the scale factor and for the radius

=
I

\/%+/lng(x)+(l —w-2)

wl 1+ 3w(x)

s - Wb 1+3wl)
y 22 > gy

¢ and a, to be determined

o
A = y_3
+(xc)
6o = m[D+()<A(>—1)]
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Basics of General Relativity

Field’s Equations
Gyv = 821T_4G )y Tﬂy — Ryy = SZ,TTG(Z Tyv - %g,uv 2T

Energy-momentum tensor (¢ = 1)
" = (p + P)i*i” + PgH”

4-velocity

it = § with normalization condition < @, ii* >= g,,,i*ii’ = —1
Local conservation of the energy-momentum tensor

vV, T" =0
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Hydrodynamics

Newtonian metric
—c2d7? = ds? = —(1 + 2®/c?)c2d? + (1 — 2®/c?)d
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Hydrodynamics

Newtonian metric
—c2d7? = ds? = —(1 + 2®/c?)c2d? + (1 — 2®/c?)d

p

General Relativity Newtonian limit

Continuity equation

i1, V, " = 0 B4V (o) + 5V, 7=0
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Hydrodynamics

Newtonian metric
—c2d7? = ds? = —(1 + 2®/c?)c2d? + (1 — 2®/c?)d

p

General Relativity Newtonian limit

Continuity equation
i, VT =0 B4V (o) + 5V, 7=0

Euler's equation

= 7 2V :P+7P
(ap + g, )V, TH = 0 G+ VAT V0 + S5 =0
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Hydrodynamics

Newtonian metric
—c2d7? = ds? = —(1 + 2®/c?)c2d? + (1 — 2®/c?)d

General Relativity Newtonian limit

Continuity equation

i1, V, " = 0 B 4V (o) + LV 7=0

C
Euler's equation

C V,’P+\7P _ 0

(o + Tl )V, T =0 T (F- Vo + V0 + PR

Poisson’s equation

Roo = B2E(3: Tiy = 3800 2i T V20 = 4nG 3, (i + ) &
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model Hydrodynamics Structure formation

Standard cosmological model Dark energy Spherical

p

Equations for the overdensity I: assumptions

Continuity equation: p + 3H (p + C%) =0

Comoving coordinates: ¥ = 7#/a

Density: p(%, 1) = p(1 + 6(%, 1))

Equation of state: P(&, 1) = w(t)p(%, £)c> (homogeneous dark energy)

V&, 1) = a[H(@)R + i@, D]
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llapse model Hydrodynamics Structure formation

Standard cosmological model Dark energy Spherical

Equations for the overdensity Il: complete system

’ 3 F W; ’ 4+3Wj 6;2
o+l -+ —= - ;= -
E 1+Wj J 3(1+Wj)1+6j

3
2 T+ Zk] Q. 0gr(@)(1 + 3w )0

F(a)(l +w)(1+6) (0 —wh) = 0

3

E W 3
8 +=+—=- 8 — 1+w Q 1+ 3wp)ok—
! (a E 1+ Wj) Y 2a2E2( wj) ; k,08k(a)(1 + 3wi)dk

aETm)(l + w07 - w?) =

0

Francesco Pace Structure Formation and Spherical Collapse Model in Dark Energy models




Standard cosmological model Dark energy Spherical collapse model Hydrodynamics Structure formation

Equations for the overdensity Ill: DM only

&+ 3+E, & 4 o" 3 o1 +0)Q =0
a E 31+0  2d9EXa) mo- =
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Standard cosmological model Dark energy Spherical pse model Hydrodynamics Structure formation
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oc |: perturbations in

1.69 T T T T
1.685
1.68 -,
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3:(2)

(Pace et al. 2010) (; ; ;/
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oc |: perturbations in

1.69 T T T T
1.685
1.68
1.675

167 ACDM ——

B Chaplygin gas
1.665 Generalised Chaplygin 8%2

1.66 | Qass=-0.00
1.655 | :
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(Pace et al. 2010) (; ; ;/
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oc |: perturbations in

1.69 : , : :
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oc ll: perturbations in DM & DE

2

(Abramo et. al 2007)

Francesco Pace Structure Formation and Spherical Collapse Model in Dark Energy models




Standard cosmological model Dark energy Spherical collapse model Hydrody i Structure for i

oc ll: perturbations in DM & DE
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(Creminelli et. al 2010)
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Ay
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(Pace et al. 2010) (; ; ;/
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Ay

180
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Ay
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Growth factor I: DM perturbations
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Growth factor Il: perturbations in DM & DE
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(Creminelli et al. 2010)
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Standard cosmological model

Mass function I: perturbations in DM only
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Standard cosmological model

Dark energy Spherical collapse model Hydrody i Structure formati

Mass function Il: perturbations in DM & DE
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1013 < M/(Mo/h) < 1014

(Abramo et. al 2007)
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10 < M/(Mo/h) < 1015 1015 < M/ (Mo /h) < 1016
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Dark energy Spherical collapse model Hydrody i Structure formati

Standard cosmological model

Mass function Il: perturbations in DM & DE
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M/(Mo/h) > 1013 M/(Mo/h) > 101 M/(Mo/h) > 1013

(Abramo et. al 2007)
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Mass function lll: perturbations in DM & DE
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Mass function lll: perturbations in DM & DE
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

@ DE has strong effects on the geometry

@ Few percent effect on Ay and o for smooth DE
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

@ DE has strong effects on the geometry
@ Few percent effect on Ay and o for smooth DE

@ Stronger deviations for clumping DE
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

@ DE has strong effects on the geometry
@ Few percent effect on Ay and o for smooth DE
@ Stronger deviations for clumping DE

@ Speed of sound important in structure formation
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

DE has strong effects on the geometry
Few percent effect on Ay and d. for smooth DE
Stronger deviations for clumping DE

Speed of sound important in structure formation

DE mass component affects mass function
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

DE has strong effects on the geometry

Few percent effect on Ay and d. for smooth DE
Stronger deviations for clumping DE

Speed of sound important in structure formation

DE mass component affects mass function

Easy to include ellipticity and rotation
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Conclusions

@ Hydrodynamics equations used possibly with different types of DE
models

DE has strong effects on the geometry

Few percent effect on Ay and d. for smooth DE
Stronger deviations for clumping DE

Speed of sound important in structure formation
DE mass component affects mass function

Easy to include ellipticity and rotation

Possibility to extend the formalism to modified gravity models
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