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CMB -> LARGE-SCALE STRUCTURE

tiny density differences large density differences

~(0.00001x mean density ~100x mean density

density differences grow by a huge factor



PLAN

Modelling dark matter dynamics
Phase space
Eulerian Perturbation Theory
Lagrangian Perturbation Theory

Spherical Collapse

Clustering statistics
Two-point statistics
Three-point statistics

One-point statistics + ...



PLAN

From dark matter to observables
Tracer bias & stochasticity
Redshift space distortions

Projected densities

Large-scale structure probes
Spectroscopic clustering

Photometric clustering & weak lensing



CMB -> LARGE-SCALE STRUCTURE

7=28.62



http://www.ncsa.uiuc.edu/

CMB -> LARGE-SCALE STRUCTURE

galaxies
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video by Oliver Friedrich




CoOsSMIC LABORATORY

‘Sloan Digital Sky S,Urvey .

Miguel A'Aragon (JHU), Mark Subbarao (Adler P.), Alex Szalay (JHU)




CoOsSMIC LABORATORY

Euclid

~1 billion €, 1/3 sky
10 billion years look-back
galaxy redshifts & shapes

Rubin LSST DESI




CoOsSMIC LABORATORY




CoOsSMIC LABORATORY

dark energy & gravity,
dark matter, neutrinos
early universe

Predict Clustering
nonlinear dynamics

Extract Information
non-Gaussian statistics




COLLISIONLESS DARK MATTER
Bullet Cluster: X-Ray (gas)




COLLISIONLESS DARK MATTER
Bullet Cluster:
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COLLISIONLESS DARK MATTER
Bullet Cluster: X-Ray (gas) &




CoLD vs. WARM DARK MATTER

higher streaming velocities wash out substructure

cold dark matter warm dark matter (~keV)
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. lation: Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
simulation: Boyarski & Ruchayskiy ‘12
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DARK MATTER DYNAMICS

Vlasov-Poisson equation

Oif(x,p,t) ={H, f} AV (x,t) x ffa:p, d3p 1
3+3 dim nonlinear

a’m

cold initial conditions: flat sheet



. PHENOMENOLOGY '

DARK MATTER DYNAMICS

momentum p

perfect fluid: single stream

fa(x,p) = p(x)op(p —mVo(x))

position X

position X



.+ PHENOMENOLOGY

DARK MATTER DYNAMICS

perfect fluid: single stream
fa(z,p) = p(x)dp(p — mVe(z))
fails at shell-crossing

momentum p

i multi stream |

position x



. PHENOMENOLOGY '

DARK MATTER DYNAMICS

beyond perfect fluid: multi-stream

momentum p

position X position X



DARK MATTER DYNAMICS

large-scale view
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Zeldovich
Post collapse PT

. Multiscale Zeldovich
— Multiscale post coll. PT

L

credit:
Colombi & Taruya

—
-)

15



T R ] o e . ) VR e A iy o &y ) W e ™
v T T e L . . . F & - it g g g :
e R ‘ y i < T . ¥ ;
g e T . XA e p - .-‘_"..A ; s
o> . 7 A < LS. v : R ; L ‘ .
. \ L “ AR : . - o, o
al _ . - d L2 N v . .. ¢ 4 ~

NUMERICAL ANALYTICAL
N PARTICLES 2 FIELDS

large-scales small-scales
oolpplslfi=1ulelst-1Molo)/slgl perturbative accuracy

limited sampling limited features




CUMULANT HIERARCHY

ciV ., () > {/d?’ppz-l ---pz-mf(w,p)}

m<n L

density, velocity, ... [

0,0 ~ v .ot 4 i O +1=1S) g odsh) ’
|5]=0 B
=




CUMULANT HIERARCHY

infinite & coupled E
0,0 ~ v .t 4 N onrt=Ish g olsh -
|S|=0 B
: B -
perfect fluid e
3

(n>2) _#
C %O 3
shell-crossing P

Pueblas & Scoccimarro 08
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predictions require density contrast
dark matter as chocolate (effective fluid)
Eulerian: expand density & velocity

Lagrangian: displace particles (or fluid elements)
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EULERIAN DYNAMICS. h 5 MOV

density p(7,x) = p(7)(1 + (7, x))

velocity v(7, ) nonlinear initially small

density

velocity

gravity
force
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distances grow, energy density = energy/volume

2 - as —4
- Radiation Py ~ Q
"\ j volume & wavelength grows
e ¢

Matter Pm, ™~ a3

volume grows

d~ a

Cosmological Constant
PA ~ const.

wogootvwm W
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Cosmological Constant
A pp ~ const. wg = —1

1
Dark Energy ODE "~ 4 tuw(a)

equation of state (many models)

WoW3_ parametrise w(a) = wy + w,(1 — a)
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plz,t)

density contrast 1+ 6(x,t) =

p(t)
0 + [expansion] d + [pressure — gravity] d = 0

Winner writes history

ravity (matter) — 0 grows
gravity ( )09 5(a) ~ D(a)d(a = 1)

expansion (dark energy) — 0 freezes
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records physics on large scales
measurable galaxy clustering & weak lensing




"MODIFIED GRAVITY SCALARS

fifth force affects linear structure growth s

depends on time and scale S W
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credit: review
Ishak 19

Redshift z


https://link.springer.com/article/10.1007/s41114-018-0017-4

