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Subject matter:

For typical galactic speeds FDM has

De Broglie wavelength 
▐

□○
ͯ100 pc or more   Ą □ͯ Ἥἤ

ÅWhy Ultra light axions? (from a galactic perspective)?

ÅOrigin and characterization of FDM fluctuations

ÅEffecton stellar dynamics and associated constraints

Outline: 



Galactic Scale Problems with CDM
CDM  compensates for mass deficit in outer parts

BUT   contributes too much mass to central parts

** Probably related problems: Excess of small haloes and wrong dynamics 

Simulation M.Y. size halo   .vs.   Dwarf galx. pop.

ÅNeed smaller density

+ more random motion in centreof halo: 

Heating of central cusp by DF; El-Zant (2008)

From Bullock & Bolan-Kolchin 2017



Some Proposed solutions (heating the CDM) 

Pump energy Ą decreaseDM density:

** Warm  DM (smaller mass) Ą preheat! 

** Self interacting  DM ĄConduction 

** Baryonic solutions: baryons give off energy to DM Ą
(e.g., El-Zantet. al 2001;2004; Pontzen& Governato2014;  El-Zantet. al. 2016)

** Quantum) fluctuations (FDM)

e.g., Hu et al. (2000), Peebles (2000), Hui et. al. (2017)

Density prof. 

Rotation Curve



Ultralight AxionάFuzzy DMέ

Tiny Mass ~  ĄAstrophysical de Broglie wavelength 

ÅLarge number of particles in same state and non-relativistic on galactic scales 

Ą Schrodinger-Poisson system 



Structure Formation and fluctuations with fuzzy DM     (Schiveet. al. 2014)

~Constant density cores 

~as CDM on large scales 

Few smaller halos (instead interference pattern and fluctuations!)



AxionFluctuations as Random Gaussian Field

Expand fluctuations in modes ⱬ▓moving at phase velocity v such that
This is the case if  

Wave function power spectrum Ą k-space density Ą

Power spectrum of 
density fluctuations  
interference pattern  Ą

and



Power Spectrum of Density Fluctuations
Interpretation and Comparison with simulations (of Chan et. al. 2018) 

Dispersion relations 

Ą Group velysof de Broglie wave packets
Ą Correspondence of wavenumber and FDM velydistn function  

Maxwellianvelys

Ą Power spectrum 
White noise Effective fluctuation scale

~ Randomly scattered masses  ~ □ἭἮἮ



From Density to Force fluctuations

Å Use Poisson equation

ÅHomogeneous process Ą

ÅForce fluctuation power  Ą



Fourier Transform Ą Force Correlation Function

Stochastic equation ĄRandom velocity from fluctuations  

MaxwellianĄ



Observable Effect: Galactic Disk Velocity Dispersion 
-- Decompose energy input to disk via fluctuations into vertical and radial components
-- Assume Virial equilibrium  
Ą Prediction: radial velocity dispersion of disk stars increases as 

Observed dispersion does increase BUT as

Ą Limit on axionmass 

Observed radial dispersion increase and  power law exponent. From Mackarethet. al. (2019 )

Ą Axion fluctuation contribution 



Expansion of the Central Cluster of Dwarf Eridanus II

Basic idea (Marsh & Niemeyer 2019): 

-- Fluctuations cause central cluster to expand

-- If axionmass too small Ą cluster too large 

Ą quite severe constraints on axionmass

BUT does cluster expand or gets displaced? 

Cluster expansion in context of El-Zantet. al. (2019) model



Conclusions and Prospects

ÅGalactic scale problems are part of a parcel that threatens CDM 

ÅCore in CDM haloes can be produced by stochastic gas fluctuation

ÅFluctuations from uncertainty principle can play roughly similar role

ÅBut are fluctuations needed to solve core -cusp problem etc , too large? 

Ongoing and prospective work:

ÅSimulations of disks with added noise

(expectation: self consistent response 

amplifies effect of fluctuations)

ÅEffect on central BH and tidal stream

ÅFDM self interaction é                               Disk heating simulations (preliminary results)



Space and Time Correlations 



Characterisingturbulent density fluctuations: 
Within volume V fluctuations describe a stationary Gaussian process

ĄDensityfluctuations

Ą Flattening of cusp

Power spectrum
 =ὶ

Courtesy J. Read

El-Zantet. al. 2016)


