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What is dark matter? 

What is dark energy?

Where are the ordinary matter?
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Cosmology: knowns and unknowns



Late-time Universe: 
non-Guassian

Early Universe:
Gaussian
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Expansion history

Growth of structure



Springel et al. (2005) 
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Dragan Huterer & Daniel L Shafe, 
Rep. Prog. Phys. 81 (2018) 016901 (33pp)

eBOSS collaboration, 2021PhRvD.103h3533A

Distance measurements:
Standard ruler/candle

Baryon Accustic Ossilations
Distance ladder: SN Ia

CMB

Growth of structure:
Gravitational lensing

Clustering of galaxies
Cluster number counts

CMB, RSD



An almost perfect model

Nature of dark components unknown
Law of gravity needs to be tested

Observed H0 do not agree
Amplitude of fluctuations is low

Cold Spot too cold
Missing baryons

…



Density perturbation, growth rate, variance
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Variance of the density field, P(k)
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Cosmic Web: Why bother

Y. Cai

Large Scale

Pros
Simple – Gaussian 

2-point statistics is complete
Easy to model

Cons
Limited by survey volume  

Expensive to improve

Small Scale

Pros
Lots of info:           

Public data available
sensitive to dark components

Cons
Complex: cosmic web

Non-linear, non-Gaussian
Difficult to model

N / k3



Cosmic Web

Galaxy
Formation

Model of the Universe

Law of gravity
Dark energy
Dark matter

Ordinary matter

Observation

Environment

Observation

Driving force

Comology: Cosmic-web: Galaxies



Redshift Space Distortion (RSD)

Kaiser 1987Y. Cai

Ps = (b+ fµ2)2P = (b/f + µ2)2f2P



2dF collaboration 2003



Beatitudes of Love: Romantic Meeting, 
Stanley Spencer (1891-1959)
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Peacock et al. 2001



Growth rate parameter                                                               (16%)



2017MNRAS.469.1369S



RSD model

Peebles 1980

Fisher 1995

Observed redshift = true redshift + peculiar velocity 

Observed galaxy distribution =  true galaxy distribution         velocity distribution ⇤

Observed galaxy distribution =  true galaxy distribution         Gaussian velocity distribution ⇤



What we need to know for RSD 
modeling

• Real-space correlation function
• Pairwise velocity distributions

In the Gaussian limit:
Streaming velocity profile v(r)
Velocity dispersion profile sigma_v(r)



Question 1

• Why with a factor of 10 increase for the 
number of galaxies, the constraining power 
for the growth does not increase by a factor 
of sqrt(10)?



~n dfsdfadafa
Sdfasdfasdfasdsdum
asdfasdfasdfasdfsadfberdensity of galaxies

Li
ne

-o
f-s

ig
ht

 d
ire

ct
io

n

Transverse direction

Approximate number density of galaxies                                   



Simulation vs. model (Fisher 1995)

E. Paillas, YC, N. Padilla, A. Sánchez 2021



Density-split RSD

early universe

late-time universe



Springel et al. (2005) 





RSD modeling with split densities

• Real-space density profiles delta(r)
• Velocity distributions

In the Gaussian limit:
Streaming velocity profile v(r)
Velocity dispersion profile sigma_v(r)





Low density



Low density

E. Paillas, YC, N. Padilla, A. Sánchez 2021





E. Paillas, YC, N. Padilla & A. Sánchez 
arXiv:2101.09854 



• Standard model of the Universe seem to fit, 
but there are issues to resolve

• Big surveys of large-scale structure promises 
tight constraints for cosmology, but we are 
limited by systematics

• RSD measures the growth of structure
• RSD with splitting densities: 

improves modelling accuracy
tighten constraints for the growth

Summary


