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Axion as a CDMAxion as a CDM



Scalar field:

A i

PLB 126 179 (1991) Axenides et al

Axion:



Axion, background order:

Strictly ignore:

Ansatz:
Ratra (1991)

EOM:

Ratra (1991)

⇒
Fluid quantities:

Ratra, PRD 44 352 (1991) Synchronous Gauge 

∴ Pressureless fluid!



ZZero-pressure 
Irrotational Fluid



Linear-order:
Relativistic/Newtonian  correspondence 

Axion

Second-order:

Relativistic/Newtonian  correspondence 
to second order. 
This equation is valid to fully nonlinear 
order in Newtonian theory. AxionSecond order: o

Third-order:
Pure relativistic correction 
appearing from third order.
All involving φ.

Axion

Valid in ALL cosmological scales



Leading Nonlinear Density Power-spectrum 
i h C iin the Comoving gauge:

Vishniac MN 1983

Pure Einstein

Jeong et al 2011

Unreasonable effectiveness of 
Newton’s gravity in cosmology!
Jeong, et al., ApJ 722, 1 (2011)

Newton s gravity in cosmology!



F ll NL & E tFully NL & Exact 
Pert. Theoryy

JH, Noh, MNRAS 433 (2013) 3472
N h  JCAP ( ) Noh, JCAP 07 (2014) 037
JH, Noh, Park, MNRAS 461 (2016) 3239 



Convention: (Bardeen 1988)

Decomposition, possible 
to NL order (York 1973)

No TT-pert (GW)

Spatial gauge condition

Spatial gauge:

Temporal gauge still not taken yet!
Complete spatial gauge fixing. 
Remaining variables are spatially gauge-invariant 

Temporal gauge still not taken yet!

g y g g
to fully NL order! ∴ Lose no generality!

HJ, Noh MNRAS (2013); Noh JCAP (2014); HN, Noh, Park MNRAS (2016) 



Metric convention:

Inverse metric:

E t!

Using the ADM and the co a iant

Exact!

Using the ADM and the covariant 
formalisms the rest are simple algebra.
We do not even need the connection!We do not even need the connection!

HJ, Noh MNRAS (2013); Noh JCAP (2014)



Axion, perturbation:

Ansatz:
Ratra (1991)

Axion-comoving gauge:

Zero-shear gauge:

JH, Noh PLB 680 1 (2009) Axion-CG; Nambu-Sasaki (1990), Sikivie-Yang (2009) ZSG 

Zero-shear gauge:



Lapse & Fluid quantities:
P t b d L f ti

Lapse & Fluid quantities:
Perturbed Lapse function

E i hi i i !Even non-vanishing anisotropic stress!



Zero-pressure fluid in the comoving gauge
Exact equations (flat background): Axion-
Covariant energy-conservation, Trace of  ADM propagation, ADM momentum & energy constraint:

q ( g )

Axion

Identify:

Extrinsic curvature     Expansion scalar of  the normal frame



Weak gravity limit:Weak gravity limit:
Axion

LHS = Exactly Newtonian valid to fully NL order.LHS = Exactly Newtonian valid to fully NL order.
In the axion-comoving gauge

Curvature perturbation 
in the comoving gauge
≠ Newonian potential≠ Newonian potential



Solution & Jeans scale:

Exact solution in mde with K=0=Lambda: 

J l

Sound speed:

Jeans scale: Khlopov, Malomed, Zel’dovich, MN (1985), Newtonian
Nambu, Sasaki, PRD (1990), Zero-shear gauge

CDM i ALL l i l l∴ CDM in ALL cosmological scales
JH, Noh PLB (2009) Axion-CG, in all scales; 
Sikivie, Yang PRL 103 111301 (2009) Zero-shear gauge, in sub-horizon only



I B Ei t i d t lit tIn Bose-Einstein condensate literature:

Interpretation as de Broglie wavelength:Interpretation as de Broglie wavelength:



Low-mass AxionLow mass Axion



C ti lConventional mass:

Extreme low mass:

Park, JH, Noh PRD 86 083535 (2012)



Low-mass axion as a CDM with SS cut:

Park, JH, Noh PRD (2012)



Neutrino as a HDM with SS damping:

Park, JH, Noh PRD (2012)



SummarySummary
 Axion (m~10-5eV) as a CDM, shown to fully ( ) , y

nonlinear order perturbation
 Axion has characteristic pressure and anisotropic 

stress.
 Extreme low-mass axion like particle as a WDM 

with small scale cut off  in the power spectrumwith small-scale cut off  in the power spectrum


