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Outline of talk

- Observational constraints: GWs, stars, DM, isocurvature

- Classic window and inflationary anthropic window

- Thermalization due to Gravitation and BEC

- Classical Description of BEC phase transition

- Quantum Vs Classical at High Occupancy
- Bose Stars
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QCD-Axion in a nutshell
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Parameters

Inflation - Energy scale 

Axion - PQ breaking scale

Question: In what regime of parameter space 

are these theories compatible?
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Axion Dark Matter Constraints

- Careful calculation:

- Axion is neutral and stable
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If PQ SB after inflation
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In Classic Window; Axion Initial Distribution 

N ⇠ 1061



Non-Relativistic Limit of Massive Bosons

Hamiltonian

Number Density



Gravitational Thermalization

Equation of Motion

Interaction Rate of Modes



Gravitational Thermalization

Collective rate from coherent Bosons

Much greater than dilute bosons � ⇠ G2 m2 nave

v3

Equation of Motion

Interaction Rate of Modes



Gravitational Thermalization

Equation of Motion

Interaction Rate of Modes

Thermalization �k > H for TCMB < 500 eV

High occupancy gives BEC
(Sikivie, Yang 2009)



Axion BEC Literature

- Sikivie, Yang (2009)

- Erken, Sikivie, Tam, Yang (2011)

- Chavanis (2012)

- Banik, Sikivie (2013)

- Davidson, Elmer (2013)

- Nouri, Saikawa, Sato, Yamaguchi (2014)

- Vega, Sanchez (2014)

- Li, Rindler-Daller, Shapiro (2014)

- Berges, Haeckel (2014)

- Banik, Christopherson, Sikivie, Todarello (2015)

- Davidson (2015)

- …..



Correlation Length?

Fundamental claim of Sikivie et al (many papers): 


The axion BEC forms a correlation length that 

grows to horizon size during radiation era


Then leads to galactic scale effects



Correlation Length?

But is this really correct? 


Lets utilize the classical field theory…



Classical Description of BEC Phase Transition

Free Theory

Number

Density

Critical Temperature

(Guth, M.H., Prescod-Weinstein)



Classical Description of BEC Phase Transition

While BEC is a very quantum phenomenon 

from the PARTICLE point of view


BEC is a very classical phenomenon 

from the FIELD point of view

(Guth, M.H., Prescod-Weinstein)



What About Interactions?

Fundamental claim of Sikivie, Todarello (2016):


On time scales            the classical description

breaks down, requiring the full quantum theory,

which is the only way to see thermalization

t > ⌧ = 1/�



Toy Model

Second Quantized Language

Consider just 5 oscillators for simplicity

|{Ni}i = |12, 25, 4, 12, 1iInitial quantum state

(Sikivie, Todarello)



Toy Model

Second Quantized Language

Consider just 5 oscillators for simplicity

|{Ni}i = |12, 25, 4, 12, 1iInitial quantum state

ai =
p

NiInitial classical state

(Sikivie, Todarello)



Quantum vs Classical??



Initial classical state ai =
p

Ni e
I✓i , ✓i 2 [0, 2⇡)

Ensemble average over random initial phases

Meaningful comparison

Connects to uncertainty in branch of wavefunction

Correct Classical Treatment

(M.H.)
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Implication for Correlation Functions

At high occupancy

Ergodic theorem

(M.H.)



Correlation functions of quantum and classical micro-
states agree at high occupancy, despite the spread of 

the quantum wave-function in these chaotic systems

Implication for Correlation Functions

(M.H.)



Implication for Axion Dark Matter

Statistically, axions are well described 

by classical field theory, after all

(M.H.)



Implication for Axion Dark Matter

Statistically, axions are well described 

by classical field theory, after all

What is the BEC?  



Implication for Axion Dark Matter

Statistically, axions are well described 

by classical field theory, after all

Small Bose stars


that may populate

the galaxy

What is the BEC?  M ⇠ 10�11Msun

(Guth, M.H., Prescod-Weinstein)



Implication for Axion Dark Matter

Statistically, axions are well described 

by classical field theory, after all

Thank you

Small Bose stars


that may populate

the galaxy

What is the BEC?  M ⇠ 10�11Msun


