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18 weeks 

Background (1 w) 

•universe geometry and matter 
components (1 hr)


•Standard candle (SNIa) (0.5 hr)


•Standard ruler (BAO) (0.5 hr)


Linear perturbation (9 w) 

• relativistic treatment perturbation (2 hr)


•primordial power spectrum (2 hr)


• linear growth rate (2 hr)


•galaxy 2-pt correlation function (2 hr)


•Baryon Acoustic Oscillation (BAO) (2 hr)


•Redshift Space Distortion (RSD) (2 hr)


•Weak Lensing (2 hr)


•Einstein-Boltzmann codes (2 hr)


Non-linear perturbation (6 w) 

•Non-linear power spectrum (2 hr)


•halo model (2 hr)


•N-body simulation algorithms (2 hr)


•Press-Schechter (PS) halo mass function (2 hr)


•Extended-PS (EPS) halo mass function (2 hr)


•halo bias & halo density profile  (2 hr)


Statistical analysis (2 w) 

•Monte-Carlo Markov Chain sampler (2 hr)


•CosmoMC use (2 hr)

outline



our telescope can only  
receive light signal. 

we can only measure  
the luminous matter distribution

nearby galaxy distribution



δ g

δ cdm



X-ray emission from hot gas 

(baryon/luminous matter)

dark matter distribution 

via lensing reconstruction



Major task of this lecture is to  
study how to use the galaxy 


as the proxy of the total  
matter distribution!



identical power spectrum



[from Houjun Mo]



[from Houjun Mo]



[from Houjun Mo]



[from Houjun Mo]



[from Houjun Mo]

'k : is uniformly distributed between 0 and 2pi



Although power spectrum can NOT tell us ALL the statistics, still it is informative

real gauss  
random field

complex gauss random field

power spectrum only give us the info encoded in Amplitude

ŝ(
!
k ) ~ Â(

!
k )eiφ̂ (

!
k )

Loss info encoded in the phase!



[Pb] lens_img3.py
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[from W. Percival]

uniformly distributed 
random sample



[from W. Percival]



[from W. Percival]
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[by Shu-Xun Tian]
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[by Shu-Xun Tian]
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peak-background split

galaxies

What is the underline  
matter density distribution?

galaxy: discrete distribution
matter: smoothed distribution



peak-background split

galaxies

1. qualitatively,  
galaxy distribution 

can mimic underline 
matter distribution

2. quantitatively,  
they are not  

coincide!  

need introduce 
a bias factor!

δ g = b iδm

[from W. Hu]



stellar-halo mass relation
typically, single galaxy can only contribute 
1%~10% mass to gravitational potential 

so, we can treat the single galaxy  
as a probe particle

Mmilkyway
halo ~10

12M⊙

Mmilkyway
stellar ~10

10M⊙

Q: if all the baryon is localised in galaxy,  
milkyway stellar mass shall be ~2.5E11

A: a large mount of the baryon (gas) is spread in Inter Galactic Medium. 
 Galaxies expected to be (almost) unbiased tracers  

of the cosmic velocity field (but not the density field). 

The reason why galaxy density field is biased w.r.t. real matter density:

galaxy formation process, is not only driven by gravity, but also by complicated baryonic 

dominated mechanism, such as AGN feedback, SN explosion, etc. These process is very hard to model!

Once the galaxy is formed, its motion is only driven by the gravity, due to we can treat it as a test particle.
Motion of galaxies is independent of galaxy properties, galaxies act as test particles in flow of matter 





time evolution of the bias

same source  
(gravitational potential)

for linear bias, from high-z  
to low-z, b(z) --> unity

semi-analytic galaxy formation model

N-body simulation (only CDM, purely gravity)

Add hot/cold gas, bh, star, etc. on top of N-body

complicated interaction, can not calculate  
analytically need simulation! (expensive!)

measure galaxy bias 

[from Q. Guo]
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Redshift Space Distortion

Hubble flow

Kaiser effect Finger of God

two type of peculiar velocity (coherent or random)

[from W. Percival]



Kaiser effect

The Kaiser Effect describes the peculiar velocities of galaxies bound to a central mass as they undergo infall. 
This differs from the Fingers-of-God in that the peculiar velocities are coherent, not random, towards the central mass

This effect can only be detected on large scales

super-cluster infall
between halos

mass center

subhalo

main halo



DM fluid 
!"u + 2H!u(!x) =

!g
a

∇2Φ(t, !x) = 4πGa2ρδm (t,
!x)

!g(t, !x) = −
!
∇Φ(t, !x)

a

δ (t, !x) = D(t) iδ (ti ,
!x)in MD epoch Φ(t,

!
k ) = −4πGa2ρD(t)δ (ti ,

!
k )

k2

!g(t,
!
k ) = −i

!
k Φ(t,

!
k )

a
= i4πGaρD(t)

!
k
k2

δ (ti ,
!
k )

solve the above, we get

Lagrangian coordinateEulerian coordinate

ρ(t, !x) = ρ(1+δ (t, !x))

ρ(1+δ (t, !x))d 3x = ρd 3 ′x

1+δ (t, !x) = ∂xi′
∂x j

!′x = !x + D(t)
!
∇
∇2 δ (ti ,

!x)

!v(t) ≡ !′"x (t)!"x = 0
!v = "D(t)

!
∇
∇2 δ (ti ,

!x)



We know, in the Eulerian frame, the density field satisfy 
!"u + 2H!u(!x) =

!g
a

∇2Φ(t, !x) = 4πGa2ρδm (t,
!x)

!g(t, !x) = −
!
∇Φ(t, !x)

a

δ (t, !x) = D(t) iδ (ti ,
!x)in MD epoch Φ(t,

!
k ) = −4πGa2ρD(t)δ (ti ,

!
k )

k2

!!D + 2H !D − 4πGρD = 0

You can prove that the velocity field in the Lagrangian frame !v(t) ≡ !′"x (t)

!v = "D(t)
!
∇
∇2 δ (ti ,

!x)

is identical to the fluid velocity field in the Eulerian frame
!u(t, !x)

!u(t, !x) = !v(t)



under Zeldovich approximation, each individual particle travels straight line!

Eulerian frame

Lagrangian frame



Lagrangian observer

Eulerian observer



Jacobi determinant in the coordinate transformation



!x = !′x − D(t)
!
′∇
′∇ 2 δ (ti ,

!′x )

density field at Eulerian coordinate
!x

ρ(!x)d!x = ρd!′x

!′x = !x + D(t)
!
∇
∇2 δ (ti ,

!x)

ρ(!x) = ρ ∂!′x
∂!x

= ρ ∂!x
∂!′x

−1

= ρ
δ ij − D(t)Ψ ij

tidal shear tensor

Ψ ij ≡
∂2δ (ti ,

!′x )
∂ ′xi ∂ ′x j

If eigenvalues are λ1 < λ2 < λ3

ρ(!x) = ρ
(1− Dλ1)(1− Dλ2 )(1− Dλ3)

The over density region will first collapse  
to a pancake along the     axis λ3

Zeldovich Pancake



!′x = !x + D(t)
!
∇
∇2 δ (ti ,

!x)

!v = "D(t)
!
∇
∇2 δ (ti ,

!x)

Δ!x ≡ !′x − !x = D(t)
!
∇
∇2 δ (ti ,

!x)

displacement field

!′x
!x

!x

○

!v

!v = HfΔ!x

f ≡ d logD
d loga

≈ Ωm
0.55;(ΛCDM )growth rate:

a galaxy at     in real space, corresponds to    in redshift space
!x !s !s = !x +

!̂x i !v
H
!̂x

line of    sight

!vobs = H
!xtrue +

!vp
!vobs = H

!xobs = H
!s

only the LoS  
component contribute  

to the redshift measurement
direction  of  Hubble  flow

direction  
of  peculiar  

velocity



ρ(!x)d!x = ρ(!s )d!s
!s = !x +

!̂x i !v
H
!̂x

Follow the above prescription

δ s (t, !s ) = 1+δ
x (t, !x)− | J |
| J |

(1+δ x (!x))d!x = (1+δ s (!s ))d!s

| J |≡ ∂si

∂x j

!v = "D(t)
!
∇
∇2 δ (ti ,

!x)

!v = Hf iD(t)
!
∇
∇2 δ (ti ,

!x)

!s = !x + f (t)D(t)−i(
!̂x i
!
k )

−k2
δ (ti ,
!
k ) !̂x

J = ∂si
∂x j

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= δ ij + f (t)D(t)−i(

!̂x i
!
k )

−k2
(−ik j )δ (tini ,

!
k ) !̂xi

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
k̂ i x̂ = µ

Det J = 1+ f µ2Dδ (ti ,
!
k ) = 1+ f µ2δ x (t,

!
k )

δ s (t,
!
k ) = δ x (t,

!
k )(1+ f µ2 )

Kaiser formula

inclination angle between wave mode  
direction       and LoS directionk̂ x̂

isotropic anisotropic



true

obs



[from W. Percival]



FoG The Fingers-of-God effect is attributed to random velocity dispersions in galaxy clusters that
 deviate a galaxy's velocity from pure Hubble flow, stretching out a cluster in redshift space.

small-scale

no effect on perpendicular direction

stretched along LoS

within a halo



[from M. White]



[from W. Percival]



[from M. White]
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[from M. White]



[from X.D. Li]

Alcock-Paczynski Test



[from X.D. Li]



[from X.D. Li]



[from X.D. Li]

Degenerate with RSD!



[from X.D. Li]

Degenerate with RSD!



FurtherReading:

https://arxiv.org/abs/1312.5490

Large Scale Structure Observations

http://mwhite.berkeley.edu/BAO/bao_iucca.pdf
BAO

RSD

http://mwhite.berkeley.edu/Talks/SantaFe12_RSD.pdf

Will Percival @ ICG, Portsmouth 

Martin White @ UC Berkeley


