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・How is the beginning of the universe? 
・What are components in the universe? 
・How have the universe evolved? 

 Cosmology
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“Momentum 
Field”

kSZ effect in CMB Galaxy clustering
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 Galaxy Distribution

Velocity field is unmeasurable,
while momentum field is measurable.



“Momentum 
Field”

kSZ effect in CMB Galaxy clustering



 Importance of Velocity Information

・Sensitive to gravity theories.



 3D Galaxy Distributions
Redshift Space Distortions 

(RSD)

Eisenstein et al. (2005)

Baryon Acoustic Oscillation 
(BAO)

Through RSD, the peculiar velocity
correlation function can be measured.

Alison L. Coil (2012)



E_e : energy of emitted photon 
E_o : energy of observed photon

 v  :  peculiar velociry 
δφ :  gravitational potential  

SW ISWPV

 Redshift Space Distortion
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“Momentum 
Field”

kSZ effect in CMB Galaxy clustering



 Observable
Density Correlation Function

Particle positions



 Observable
kSZ Correlation Function

weight



 First Detection of kSZ

[Princeton  University’s Homepage]

Mpc
Hand et al. (2012) [See also Plank2015]



 First Detection of kSZ

[Princeton  University’s Homepage]

・Only two measurements 
(Hand et al. (2012) and Plank 2015) 

・Future survey project 
(Advanced ACTPol)



Theoretical Modering
of Momentum Field



 Motivation

・Explaining the observable 
   (Correlation Function) 
・Predicting kSZ power spectrum
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Theory vs. N-body
Gravity Resolusion Box Realization Speed

Theory Perturbation Infinity Infinity
(Ideally) Infinity Fast

N-body Full Finite Finite Finite Slow



 Theoretical Prediction:
 Linear Theory

In linear theory,
the correlation between density field and 
velocity field only appears.



 Theoretical Prediction:
 Linear Theory

Mpc

Different normalisation

∝



 Theoretical Prediction:
 N-body simulation

Mpc
Non-linear gravitational effect make 
the amplitude of velocities larger than
linear theory.



 Redshift Space Distortion
Coordinate transformation of particle positions

Coordinate transformation of correlation function



 Simulation Result



 Simulation Result

Velocity

Position
(RSD)

Position
(RSD)At large scales: Kaiser effect



 Simulation Result
Position
(RSD)

Position
(RSD) Velocity

At small scales:
change of sign of the velocity 
correlation function.
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 Theoretical modering:
 Non-linear Theory

3pt correlation function with RSD



 Theoretical modering:
 Non-linear Theory

We propose a simple method 
to predict the momentum correlation function.



 Theoretical modering:
  Non-Linear Theory

Fourier transformation



 Theoretical modering:
  Non-Linear Theory

Momentum Power Spectrum

Density Power Spectrum (Generating Function)



 Theoretical modering:
 Non-linear Theory

From

Main result

Momentum power spectrum can be computed from
the density power spectrum.



 Theoretical modering:
 Non-linear Theory
Main result

・General
・True even for halos.



Perturbation 
Theory



 Density Field
Particle description

Lagrangian description

Continuous limit



 Infinite Mode-Coupling

In computing the non-linear power spectrum,
volume integral necessarily appears.

Power Spectrum

Continuous limit



 Infinite Mode-Coupling

Without relation to gravity,
infinite mode-coupling integrals 
appear in order to compute 
the non-linear power spectrum.



 Infinite Mode-Coupling

Method:
computing the volume integral
without using Fourier space integrals.

Power Spectrum



 Zel’dovich Approximation
Z = 0.0ZA

Zel’dovich approximation:
Gravity effect -> linear
Density Field -> Non-linear



 Zel’dovich Approximation
Z = 0.0ZA

Nbody



 Zel’dovich Approximation
Momentum Power SpectrumMomentum Correlation Function



 Zel’dovich Approximation



 Zel’dovich Approximation
Momentum Power SpectrumMomentum Correlation Function



 Third Order PT

Momentum Power SpectrumMomentum Correlation Function



 Summary

Future Work
・Covariance matrix (computing)
・Halo model
・Measurement of kSZ power spectrum
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Extra Slides



 Fisher Analysis

Measurable in simulations



 Covariance Matrix

Gaussian term

Gaussian limit でも複雑なスケール依存性を持つ。
(単純にpower の２乗ではない。)

non-Gaussian term

Gaussian term



Gaussian vs. non-Gaussian

 S/N
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Eulerian vs. Lagrangian 
Perturbation Theory

展開するものが違う。

Lagrangian PT

Eulerian PT



Eulerian vs. Lagrangian 
Perturbation Theory

Resummation of Lagrangian PT

Improved Eulerian PT
Full

Expanding
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Improved PT
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Density Power Spectrum in
Gamma-Expansion method 
( Wiener Hermite expansion (Sugiyama and Futamase),  iPT, or etc.)
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