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The Initial Fluctuations

At Inflation: Gaussian, adiabatic
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Scale-Invariant Spectrum (Harrison-Zel'dovich)
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Cosmological Scales
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Formation of Large-Scale Structure

Fluctuation growth in the linear regime: O<<]l — Odoxguxp?’
rms fluctuation at mass scale M: oxcM™® O<a=(n+3)/6=<2/3

Typical objects formingatt: 1~8 <« M “a — M, xa"”
example n=-2 — M, xqa°
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ACDM Power Spectrum

P(k) « kT (k)
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Lecture
Non-linear Growth of Structure

Spherical Collapse,
Virial Theorem,
Zel’dovich Approximation,
N-body Simulations
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Formation of Large-Scale Structure: comoving




MO AR MATRIAT NIPORZMT NIXNT




Formgtion of Large-Scale Structure: comoving
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Filamentary Structure: Zel’dovich Approximation

Approximate the displacement
from initial position x(q,1) =g+ DO yY(q), ¢ =-V§

Velocity & acceleration along displacement

— trajectories straight lines

as inlinear | » |/ |t

central force — potential flow —

In physical coordinates

Density (Lagrangian):
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Zel'dovich Approximation cont'd
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Non-dissipative Pancakes: why flat?
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N-body simulation
SCDM










spherical collapse
or mergers
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N-body simulation of Halo Formation

z=49.000



N-body simulation of Halo Formation
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The Friedman Equation

Newton’s gravity: space fixed, external force determining motions \EEE €N
Einstein’s equations  [CENIN-SNES S 1€N)

uv

Gravity is an intrinsic property of space-time. geometry <->energy density.
Particles move on geodesics (local straight lines) determined by the local curvature.

left side of E’s eq. is the most general function of g and its 1t and 2nd
time derivatives that reduces to Newton’s equation

For the isotropic RW metric [EOuE e (Il TRES N (/o

Einstein’s tensor

Stress-energy tensor

mass conservation
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A differential equation for a(t)



Solutions of Friedman eq. (matter
era)

radiation era
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Light travel in a closed universe

A photon is emitted at the origin (u.=0) right after the big-bang (t.=0)
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Top-Hat Model (A=0, matter era)

a bound sphere (k=1) in EdS universe (k=0) = 2 ko4 = (47 /3)Gpa’ = const.
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e Collapse to Virial Equilibrium
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Spherical Collapse

radius

virial
equilibrium

time

virial equilibrium: P2



Vir'ial Scaling Relations

Virial equilibrium:

Spherical collapse:

3 3/2 3 -3
—- M < )’qa’" « Ra

Weak dependence on time of formation:

D(a)8,(M)=1 — axM® a=(n+3)/6=0.1-0.2

MoV
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Lecture 6
Hierarchical Clustering

Press Schechter Formalism



Press Schechter Formalism halo mass function n(M,a)
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Mo & White 2002



Press Schechter Formalism cont.

M+(a)

log M
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Press Schechter cont.

Better fit using ellipsoidal collapse (Sheth & Tormen 2002)

F(>M,a)~0.4(1+0.4/v"") erfc(0.85v /2"

lo,20,30 22%,4.7%,0.54%

Comparisonof PS to N-body simulations
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Press-Schechter in ACODM
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Press-Schechter
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Merger Tree
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Mass versus Light Distribution
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